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Abstract

The theory of morpho-poroelasticity is applied to tumor growth. This allows for the modeling of perma-
nent deformation in the tissue as a result of the presence of tumor cells. The work done in this project
can be divided into two parts. In the first part we review existing models for elasticity and build corre-
sponding finite element models. The aim of the first part is to gain understanding in the behaviour of
morphoelasticity and poroelasticity. In morphoelasticity the deformation tensor is decomposed into an
elastic and plastic component, allowing for permanent deformations to occur in the tissue. The theory
of morphoelasticity describes the interplay between a fluid in a porous tissue and the tissue’s elastic
properties. A common problem in poroelastic models is the occurence of non-physical oscillations in the
pressure. The second part of this project contains novel work. First, a rigorous mathematical derivation
is presented of the tuning parameter found in the diffusive stabilization method for poroelastic systems.
Secondly, we present a finite element model for the novel combination of morpho- and poroelasticity.
The derivation concerning the diffusive stabilization is also applicable to the morpho-poroelastic finite
element model. We obtain a promising tumor growth model by combining a biochemcial tumor growth
model with morpho-poroelasticity. This biochemical model is based on a nutrient transport equation and
a tumor cell density evolution equation. Some example output of the tumor growth finite element model
is shown. It can be used as a starting point for more elaborate tumor growth models.
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iv

List of Symbols

In this work we develop two-dimensional models. These models are assumed slices of three-dimensional

objects in which there is no change in the z-direction.

three-dimensional SI units.

Table 1: List of symbols and their corresponding SI units.

Symbol | Description Units
T Eulerian position m
X Lagrangian position m
u Displacement m
v Displacement velocity ms!
t Time S
g Body force density Nm™3
T Traction vector Pa
0ij Stress Pa
n Unit normal vector 1
€ij Strain 1
le, Ae | Lamé’s first and second parameter Pa
E Youngs modulus Pa
v Poisson ratio 1
p Density kg m~2
Ly, Ay | Viscosities of viscoelastic medium Pas
P Poro-fluid pressure Pa
P Fraction of space occupied by solid material 1
kperm Permeability of porous medium m?
Hdyn Dynamic viscosity of poro-fluid Pas
c Oxygen (nutrient) concentration Mol m—3
n Ratio of created tissue per existing tissue 1
AN Nutrient diffusion coefficient m?s~!
Ng Tumor growth rate st
Grax Maximum growth rate g1
ca Oxygen concentration at which growth rate is half of Gpax Mol m—3
rq Tumor death rate st
Na Nutrient absorption growth rate 51
Amax Maximum nutrient absorption rate 51
ca Oxygen concentration at which absorption rate is half of A, | Mol m™3

As such, the units we use are the standard



Introduction

The development of a cancerous tumor can be divided into three broad stages [19]. First, there is the
initiation or transformation stage. This is a process in which normal cells are altered such that they
acquire the potential for autonomous growth and are able to form tumors. Initiation is caused by mu-
tations in the genetic material, DNA. These mutations can occur spontaneously, or they can be induced
by environmental agents such as radiation, viruses or chemicals. It has also been shown that people with
so-called germline mutations in specific genes leading to hereditary predisposition are more likely to de-
velop cancer. The second stage of tumor development is growth. This stage consists of the two processes,
promotion and progression. In promotion, initiated cells can expand and resist mechanisms that would
otherwise curtial further development of a tumor. Then, during the progression process, the tumor starts
growing rapidly. Tumor growth is dependent on the presence of oxygen and glucose. The final stage
of cancer development is called metastasis, which occurs when cancer cells break away from the initial
tumor and enter the circulatory system. New tumors can then be formed at different locations in the body.

In this work, we focus on the mechanical aspects of the growth stage of tumor development, specifically
the tumor progression process. To this end, a tumor growth model is developed based on the novel
combination of morpho- and poroelasticity. Poroelasticity provides us with a mathematical framework
that models the interaction of fluid and solid phases in a porous medium. An intuitive way to think
out this is to consider a dry sponge that is submerged into a body of water. Due to the water entering
the sponge, it will expand. In the field of biomechanics, poroelasticity has been used extensively. For
example, to model the flow of blood through arteries [3], bone deformations [5], and of course tumor
growth [7, 14]. The addition of morphoelasticity a novel approach. Morphoelasticity is the theory of
elastic growth, hence it allows us to take into account permanent deformations of tissue.

In the work done by Eline Kleimann [10] and Daan Smits [16] in their master graduation projects, mor-
phoelasticity is applied to the healing of burn wounds. Their work is based on the PhD thesis of Daniél
Koppenol [11], in which a number of different biomedical models are developed to study the healing
and treatment of dermal wounds. Although we will apply morphoelasticity to the different field of tumor
growth, the underlying mathematics are largely the same. As a tumor grows, it can push the surrounding
tissue away. This can lead to complications. For example, a brain tumor exerts force on the surrounding
brain tissue, possibly causing permanent damage. Even after a tumor has been surgically removed, the
surrounding tissue might be permanently deformed or damaged. The motivation for using a morphoelas-
tic approach is to model these permanent deformations.

In addition to the combination of poro- and morphoelasticity, which we will call the mechanical part of
the tumor growth model, we must also consider some biological aspects of tumor growth. For example, a
tumor needs nutrients to grow. The biochemical part of the model is based on the work of Tiina Roose
et al. [14], in which poroelasticity is coupled with nutrient transport to model the growth of spheroid
tumor cells.

This project has a number of goals. First, we want to investigate whether it is possible to construct a
finite element model that combines morpo- and poroelasticity. Since this combination is a novel approach,
it is unclear whether a standard finite element approach will work. The second goal is to combine this
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mechanical model with a biochemical model based on [14].

1.1 Thesis Outline

The outline of this thesis is briefly discussed in the following section. It is divided into two parts. In the
first part we develop finite element schemes for existing elastic models. The complexity of these models
increases, leading up to a morphoelastic model at the end of Chapter 2, and a visco- poroelastic model
at the end of Chapter 3. These models form the building blocks of the eventual tumor growth model,
in which morpho- and poroelasticity are combined. The second part of this thesis contains new work.
First we show the derivation of the stabilization parameter for a visco- poroelastic system. Next a finite
element model for a morpho-poroelastic model is developed. In Chapter 5 morpho-poroelasticity is used
as the backbone of the tumor growth model. We give a short summary of the chapters.

e Part I

— Chapter 2: A finite element model is developed for increasingly complex elastic models. We
start with a regular elasticity equation, then move on to viscoelasticity in which the intertial
forces must be considered. Finally, we arrive at morphoelasticity. The model we develop here
is effectively the same as the one used in [16]. Each section has a similar setup. First the
weak form is derived, then the Galerkin equations are constructed and finally some numerical
experiments are run to test the models. In the derivation of the weak forms, a number of
theorems are used. We give the proof for some of these theorems, whereas for others we
provide a short motivation and cite an external source that contains the proof.

— Chapter 3: The focus is shifted towards poroelasticity. First, a one-dimensional system
called the Terzaghi problem is analyzed. It is well known that even for this simple problem the
solution can contain non-physical oscillations. We reproduce these oscillations and investigate
their severity when a different type of element is used (Taylor-Hood). Next, two-dimensional
poroelastic models are developed. Oscillations also occur in these cases. Different methods of
stabilization are compared.

e Part II

— Chapter 4: We investigate in more detail one of the methods used to stabilize a poroelastic
system: diffusive stabilization. In this method a tuning parameter must be chosen, which
has a big effect on the performance. In literature such as [1, 13] an optimal value of this
parameter is shown for the one-dimensional Terzaghi problem. We prove that this parameter
is also (approximately) optimal for a visco- and morpho-poroelastic system. To this end, we
use an novel technique which can also be used to find the exact expression of the inverse of
a Laplace matrix. This tangential result is explored in Appendix B. In the latter part of this
chapter, the viscoelastic and morphoelastic models from Sections 2.3 and 2.4 are combined
with poroelasticity. The results on stabilization can also be applied to the morpho-poroelastic
model.

— Chapter 5: The morpho-poroelastic model is combined with a biochemical tumor growth
model from [14]. First the behaviour of the newly introduced biochemical unknowns is analyzed
by considering zero-dimensional problems. We subsequently build the complete finite element
scheme for the tumor growth model, and use it to perform numerical experiments.

e Appendices
— Appendix A: This chapter contains the element matrices and vectors for any integral that

occurs in the Galerkin equations.

— Appendix B: We use the same approach as in Chapter 4 to find an exact expression for the
inverse of the Laplace matrix in one dimension. Some additional results are shown, such as
the connection to Green’s functions and higher order problems.

1.2 A Note on Implementation

The finite element models are implemented in an object oriented fashion using Python 3.6. We make
heavy use of the library NumPy, which allows us to work efficiently with vectors. In addition to NumPy,
the sparse matrix library from SciPy is used. Since all finite element coefficient matrices are constructed
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by looping over all elements, the construction of a sparse matrix object will not be faster than a regular
matrix. However, solving the resulting linear system is much faster for certain classes of sparse matrices.
We use the CSR (compressed row storage) class. All figures shown in this work are created using the
Matplotlib visualization library.

For generating the finite element meshes the library ‘dmsh’ is used [15]. It supports automatically
generated meshes for all kinds of geometries in two dimensions. The meshes it produces are of high
quality, in the sense that every triangular element is close to an equilateral triangle. Moreover, dmsh
has a user-friendly interface due to its pure Python source code. Unfortunately, mesh generation is quite
slow and requires a lot of memory. For these reasons, we do not make use of remeshing. Thus only at
the start of a simulation dmsh is used to generate an initial mesh. During the simulation grid nodes are
able to move, causing elements to deform. It could be beneficial to create a new mesh with respect to
the updated domain.



Part |



A Sequence of Models for Elasticity

In this chapter three finite element models are constructed for various elastic systems in two dimensions.
We first briefly discuss the basic mathematical framework used to model stress and strain. We subse-
quently consider the elasticity equation, in which the reaction to a force is instantaneous. A viscous term
is then added to expand the model to a viscoelastic system. Finally, we consider the morphoelastic sys-
tem. Here the strain tensor is made time-dependent and must statisfy a partial differential equation. The
right-hand side of this equation is the growth tensor, which allows us to model permanent deformations
of the material. Each section has a similar structure. We begin by discussing the mathematical model
and present the corresponding equations. Then the weak form is constructed and the corresponding
Galerking equations are derived, leading up to a complete algebraic system of equations. We end each
section by performing some numerical experiments to test the finite element model. The last section of
this chapter contains a comparison between the three models.

2.1 Stress and Strain

We first define the notions of stress and strain, and show the derivation of the force balance equation.
Stress is a quantity that measures the internal forces in a material. At a given point in the material,
the component o;; denotes the stress along the i’th coordinate direction acting on a surface of which
the normal points in the j’th coordinate direction. Hence, in three dimensions, the stress in a point
is completely defined by nine components: there are three normal directions with each three stress
components. The nine components are collected in the stress tensor:

011 012 013
g = 021 0922 023 ] . (21)
031 032 033

In two dimensions, there are two normal directions, hence the stress tensor becomes a 2 x 2 array:
= (71 712 (2.2)
021 022
The components o;; are called normal stresses, they result from a force applied perpendicular to a surface.
The other components o;; for ¢ # j are called the shear stresses. They result from a force applied parallel

to a surface. Given a normalized direction vector m, the traction vector 7(™ acting on the surface normal
to n can be computed using the stress tensor:

™ =n.c=0c-n. (2.3)

We will use the two notations n+-o and o -n interchangeably, they both denote the standard matrix-vector
product of o and . Thus:
Ti(n) = Z O'l'j’flj. (24)
J

Consider a closed volume €2 with piecewise smooth boundary I'. Let n denote the outward pointing unit
normal vector to I'. Assume that ) is subject to a body force g. By Newton’s third law, the action of



2.2 Pure Elasticity 6

the body force will result in an opposite traction force on the boundary:

—/n-UdF:/ng. (2.5)
r Q

We apply Gauss’ divergence theorem to obtain

—/QV-crdQ:/diQ. (2.6)

If this holds for every volume, then the above integral turns into a pointwise equality:
-V.o=g. (2.7)

This equation is the momentum balance equation. All models for elasticity are based on this equation.
Their differences lie in the choice of the stress tensor o. In the purely elastic model, o only contains an
elastic component, whereas in the visco- and morphoelastic models, an intertial component involving the
displacement velocity is also included. The elastic component of the stress tensor is given in terms of the
strain tensor. While there are many different definitions of strain, we will the Eulerian strain, given by:

€= % (Vu+Vau'). (2.8)

Here u = & — X is the displacement vector, it relates the initial position of a particle X to its current
position . The gradient V is relative to the current coordinates. In Section 2.3.1 we will give more
details regarding the different coordinate systems. It is important to note that e is linear with respect to
the partial derivatives of u.

2.2 Pure Elasticity

We will first consider pure elasticity on a fixed domain Q. The equations that we consider are stationary,
meaning that there will be no timestepping required. The momentum balance equation on a fixed domain
Q is given by:

—V.o(u) =g, (2.9)

where g is a body force, and the stress tensor is given by:

1
o(u) = FHe (Vu + VuT) +A(V-u)I
= pee(u) + Actr(e(u))I (2.10)
Here the strain tensor € is defined in (2.8). The constants . and A, are called the Lamé constants. They

relate to the Young’s modulus E and Poisson ratio v in the following way:

E Ev
“ire T oa-w) (2.11)

[he

We consider a Neumann boundary condition of the form
on=r, (2.12)

which represents a shear force on the boundary. A homogeneous Dirichlet boundary conditions of the
form

u=0 (2.13)

can also be imposed on part of the boundary. This corresponds to fixing this part of the boundary, such
that it can not move as a result of the applied force. To summarize, we will solve the following boundary
value problem:

—V-.o(u)=g, in, (2.14)
o-n=7, onljy, (2.15)
u = O7 on FQ. (216)

The boundary I' of 2 consists of a ‘Neumann’-part I'; and a ‘Dirichlet’-part I's, such that I'y N Ty = @.
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2.2.1 Weak Formulation

We derive the weak form of the above equation. Let H!(Q) be the space of all functions u :  — R?
such that w € L%(Q) and all its partial derivatives are also in L?(Q2). Let w be a test function in H'(Q)
such that w|pr, = 0. Take the inner product of w with the equation and integrate over €:

- w-(V:0)dQ= | w-gdQ. (2.17)
Q Q

The left hand-side can be expanded using Green’s formula and Gauss’ divergence theorem:

—/w-(V-a) /V w-o)— Vw: o df)
Q
/Vw o dQ — /( o)-ndl
Z/Vw:a'dQ— w-Tdl (2.18)
Q ry

In the last step, we used the fact that w|r, = 0 and that (w-0) n=w-:(6:n) =w-7 on I';. We
obtain the following weak formulation:

Find w € H{, () such that for all w € H}_ () we have:
/ e(w) : o(u) dQ:/ w-gdQ+ [ w-Tdl. (2.19)
Q Q Iy

Here Hf () is the linear subspace of H'(Q) containing functions that vanish on I's.

We write o = o(u) to stress! that o is a functional acting on w. Also note that in the left-hand side, Vaw
has turned into e(w). Due to the stress tensor o being symmetric, the double dot products are equal:

N =N =N =

e(w) : o(u) (Vw+Vw') : o(u)

o(u) + %V'w—r co(u)

o(u) + %V'w co(u)’

=Vw:o(u) (2.20)

<
g

<
g

The element matrices and vectors corresponding to the integrals in (2.19) are given in Section A.1.

2.2.2 Galerkin Equations

We derive the Galerkin equations corresponding to the weak form (2.19), which is equivalent to
/Vw:o-(u)dﬂ:/w-gdﬂ+ w-Tdl. (2.21)
Q Q 1

From a computational perspective, it is easier to use Vw instead of e(w). Let uj, be the finite element
solution, and let ¢; be a scalar-valued basis function in mesh point j. We write

= (uje}(@) + ulpi(x)) (2:22)
j=1
where the indices j = 1,...,n correspond to grid nodes that are not on the fixed part of the boundary

I's. The vector valued basis functions cp} and cp? are given by:

i 0
<p} = (%j> , and cp? = (90]‘) . (2.23)

1Pun not intended.
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Substitute u, into (2.21) to obtain

Z {u}/Vw:a‘(go;)dﬂqtu?/Vw:o‘(go?)dﬂ] :/w-g dQ+ [ w-7dl. (2.24)
= Q Q Q |1
Setting w equal to ¢ and 7 for i = 1,...,n yields 2n linear equations for the coefficients uj and u7.
These equations are of the form
Syl 4 5122 = gly gl . S §12\ (1 (gl 47! (225)
§2lql | 52242 P +72 g2t 622 ) \ g2 ) T\ g2 472 ) .

where the latter representation is in block-matrix form. The coefficient vectors u' and u? contain the

unknowns: -
2 2 2
:(ul,uQ,... u) .

r'n

w' = (ul,ub, . ul)’, w?

r'n

(2.26)

Moreover, the vectors g' and g? contain the integrals involving the body force g, whereas the vectors
7! and 72 contain integrals involving the shear force 7. The system can be written in the even shorter
notation Su = g + 7, where u = (u',u?)T, etc. To compute the entries of the blocks S'!, §12, §2! and
S22 we must first compute the gradients of the cp} and ga?:

¢ ¢ 0 0
Vei=| 0z oy |, Vei=|0p 0p; (2:27)
0 0 or Oy
From which it follows that
9;  10%; 1 9p;
1 ox 2 Oy 2 0 2. 0x
Sym(v"loj) = 1 6@] ) Sym(ij) = 1 890] 8()0] (228)
29y 20r Oy
Also note: P 9
1 Pj 2 Py
ol = 2172 cpl = L, 2.29
Veei =50 VT, (2:29)
The elements of the S-blocks are then given by:
pi Op; 1 Op; Op;
1 L o(pl) d) = / 95 1, 0000 )
Sij /QV% o(p;)d Q(uﬁ%) 92 0s 2" 3y Oy (2.30)
Ipi 0pj 1~ 0p;i dp;
sz _ 1. o(p?) dO :/A 995 1, 221995 4q 2.31
1] QVLP'L O'(QDJ) Q £ 593 ay + 2/’1’5 8y 3$ I ( )
1 0p; Oy, i Op;
2 _ 2 o(o)) d :/7 995 4 2. 291995 4q 2.32
S1] stoz a-(goj) 92#6 or ay + an ox ’ ( 3)
1 OJy; 0p; Op; 0p;
2 _ 2, 2.9:/7 9%; %i q0. )
5% = [ Vetioldan = [ Zu TRk (2T (2.33)
The elements of the right-hand side vectors are given by:
g} :/cpigl dQ, g¢? :/(png dQ (2.34)
Q Q
! :/ T | N :/ ;-7 dl (2.35)
Fl I—‘1

2.2.3 Numerical Experiments

Let us test the finite element implementation on a simple situation. We consider a cross section of a
beam of length L and height 1 that is fixed to a rigid wall at its left boundary. We assume the beam has
uniform density and is subject to gravity. We model gravity using the body force

ot = ()
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for some constant F. At the left boundary (z = 0), the homogeneous Dirichlet boundary condition © = 0
is imposed. At all other boundaries, we assume there is zero stress in the normal direction, yielding the
boundary condition o - = 0. Having fully specified the problem, we apply the finite element model
constructed in the previous section. For generating the following figures, we have fixed p. = 0.5, A\ =0
and vary L and F. Figures 2.1 and 2.2 show the solution for L = 2 and F = 0.01. A mesh size of
hmax = 0.1 has been used.

ui(x, y)

1.00 7 R I 74 VAVAVAVAVAVAVAVAVAVAV
)ZAVAVAVAVAVAVAVAVAVAVAY

0754 | VI B \VAVAVAVAVAVAVAVAVAVAV.

0.50 050 1

0.25 0254 DPYAANAANAAN
NAVAVAVAVAVAVAVAVAVAY:

0.00 - 0.004 DNEAANNAAAAAAA

0.0 0.5 1.0 15 2.0

Figure 2.1: Contour plots of both components of the finite element solution for L = 2 and F' = 0.01.

1.0
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. Y YX Ax ‘v 7Av' Y / ; \—AV‘ / Y

021 KK HEOLAAAAAA AN AT AT

o1 NS AAR KIS AR
—0.2 A

0.0 0.5 1.0 1.5 2.0

Figure 2.2: Mesh displacement corresponding to the solution in Figure 2.1.

We now double the magnitude of the body force, while keeping L = 2 fixed.

ui(x, y) uz(x, y)
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Figure 2.3: Contour plots of both components of the finite element solution for L = 2 and F' = 0.02.
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Figure 2.4: Mesh displacement corresponding to the solution in Figure 2.3.

2.3 Viscoelasticity
We add a inertial- or viscous term to the stationary elasticity equation, which will make the equations
time-dependent. The viscoelastic momentum-balance equation is given by
Dv
p (Dt +(V °'v)v) —V-o(u,v) =g, (2.36)
where v is the displacement velocity as defined in (2.44). Furthermore, p is the material density, and g

is again a body force. Due to the inclusion of intertial forces, the stress tensor must also be adapted. It
now consists of a purely elastic part and a viscous part:

o(u,v) = ga(u) + oyis(v), (2.37)

where
() = %ug (Ve + V) + Ae(V - ) = pree(w) + Actr(e(u))T, (2.38)
Ovis(V) = %uv (Vo+ Vo) +A,(V-v)I. (2.39)

Equation (2.36) is solved on a moving domain (), it is defined as:
Q) ={X +u(x(X,t),t) | X € Q0)}. (2.40)

Furthermore, the gradient V is relative to the current coordinates. In developing the finite element model
we therefore have two choices. As a first option we can use a fixed mesh. In this setting, to compute the
gradient with respect to the deformed domain, we must use a mapping that relates current coordinates
to the initial coordinates in the fixed mesh. This is called a Eulerian approach. The second option would
be to make the mesh dynamic: the grid nodes follow the flow of the domain. In this case we do not need
a coordinate mapping, but we need to update the mesh in each timestep. The second method is called
the Lagrangian approach, which is the approach that we choose to use. In Section 2.3.1 we give a brief
overview of the mathematics behind the distinction between Eulerian and Lagrangian approaches.

2.3.1 Eulerian Versus Lagrangian Coordinates

The finite element model developed in this work is based on the Lagrangian framework. In this section,
we will briefly discuss the difference between a Lagrangian and Eulerian specification. We can define the
flow of a particle by considering its initial position X and its position at time ¢, which we denote by
x(X,t). Note that we can also turn it around; assuming that a particle has position & at some time ¢,
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we can find its initial position X (z, t).

Let ¢ be a physical quantity that depends on space and time. In a Eulerian framework we consider
the evolution of ¢ in a fixed point and write ¢ = p(ax,t). In the Lagrangian framework, the value of ¢ is
considered along the trajectory of a particle. Thus ¢ effectively becomes a function of the initial position
of the particle that is being followed: @¢(X,t) = @(x(X,t),t). We use ¢ instead of ¢ to emphasize it
being a different function in the mathematical sense. Care must be taken in evaluating the rate of change
of ¢. The standard partial time-derivative /0t measures the rate of change of ¢ at a fixed position.
The full time-derivative takes into account the movement of particles:

de

E(wvt) =

0 Jdp d
g¥ + ge . j (2.41)
ot  Ox dt
The above expression is called the material derivative. By introducing the notation de/dt = v and
writing dp/0x = V¢, the material derivative is denoted by

Dy 0p

— = —+v-:-Vgo. 2.42

Di ot =¥ (242)
We write V. to emphasize we are dealing with the Eulerian gradient: the spatial derivative are taken
with respect to the current particle locations . In the rest of this work, the subscript is omitted and
we simply use V to denote the Eulerian gradient. The Eulerian and Lagriangian coordinates are related
through the displacement vector w, which is defined as the difference between the current and initial
position of a particle. Thus, in the Lagriangian framework we have:

u(X,t)=x(X,t) - X. (2.43)
From this definition it follows that D d
u T
- T 2.44
Dt At (244)

since dX /dt = 0. Therefore, v is called the displacement velocity. The relation between the initial
position X and the current position x is encoded in the deformation tensor, which is given by

Oz

F=_—.
0X

(2.45)

If F is close to the identity matrix, then its inverse is too. In this case, the deformations are small, and
we have

Du Ju
E—E+Vu-v
ou
—E—FV(:E—X)'U
ou .
—E—F(I—F )-’U

ou
ot

Q

(2.46)

Thus, the material derivative of u is closely approximated by the partial time-derivative. In this situation
we are dealing with infinitessimal deformations. In most of this work, finite deformations are considered,
meaning that |[F — I|| > 0. Only in the first two sections of Chapter 3 do we consider infinitessimal
deformations, which is done to investigate the behaviour of the pressure.

As stated, our finite element model will be developed using a Lagrangian framework. As a result, the
mesh nodes of the finite element mesh will follow the displacement velocity field.

2.3.2 Complete Viscoelastic Model Equations

To fully specify the viscoelatic system we need to consider the boundary conditions. We denote the
boundary of Q(t) by I'(t). The boundary is again split into two disjoint parts: I'(t) = I';(¢) UT'3(¢) such
that I';1 (¢)NT2(t) = @ for all ¢ > 0. Since the domain is be moving, it is not straight-forward to determine
where one part begins and the other ends. To solve this problem, I'y (¢) is fixed in place by imposed the
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boundary condition u = 0. The other part T's(t) is free to move, and may be subject to a shear force 7.
In summary, we obtain the following viscoelastic system:

D
p (D:SJ +(V -v)v) - V-o(u,v) =g, in Q(¢), (2.47)
Du .
ﬁt =7, m Q(t), (248)
with boundary conditions
u =0, on I'y (t), (2.49)
o-n=r, on I'y(t). (2.50)

In subsequent sections, we derive the weak form and Galerkin equations corresponding to the system. To
achieve this, an important result summarized in Theorem 3 is required. This theorem is proved using a
number of well-known results, such as Reynold’s Transport Theorem and the product rule for the material
derivative. Theorem 3 is used numerous times throughout this work, as it allows us to greatly simplify
convert complex integrals involving material derivatives.

2.3.3 Weak Formulation

We derive the weak form corresponding to equation (2.47). Let ¢ be a basis function. Take the inner
product of ¢ with the momentum-balance equation and integrate over £2(t) to obtain the following weak
form:

p &wpdﬂ—i—/ (V-v)v-p dQ
o) Dt Q1)

_/ (v.a).wdgz/ f@dQ. (251
Q(t) Q(t)

We shall use the following theorems and lemma to manipulate the weak form. First, we state Reynolds
Transport Theorem:

Theorem 1 (Reynold’s Transport Theorem). Let f(x,t) be a suffiently smooth scalar-valued function.
Let Q(t) be a time-dependent domain with piecewise smooth boundary I'(t), and v(x,t) the velocity of a
point © € Q(t), then:

d 0
7/ Fla, 1) dQ = / 9 eryao+ [ fl@t)v-ndr
dt Joq) o) Ot r(1)
where m is the outward-pointing unit normal vector to T'(t).
We will not give the proof of this well-known theorem. In addition, we need the following result:
Theorem 2 (Dziuk & Elliott). If ¢ is a Lagragian basis function, then
Dy _
Dt

The proof can be found in [6]. A Lagrangian basis function is a Lagrangian interpolation polynomial on
an element that interpolates between the vertices. We will demonstrate the validity of the theorem by
considering a linear interpolatory function in one dimension. Let x1(t), x2(t) be two moving grid nodes.
We define

0.

xo(t) — x x —x1(t)
T t) =

O R O A DRy
where ¢; and @9 are constant in time. Thus, ¢ linearly interpolates the values ¢ and ¢2 on the moving
interval [z1(t), z2(t)]. Tt follows that:

Y2, (252)

¢ P2 — 1
o Tt) = 2.
o " = ) = () (2.53)
" 0 (-2 d 0 d
® Y2 — ¥1 22(t) —x  dxy x—x(t i)
o Ot = — — —_— ()] - 2.54
TR (S ()l P () B () R TR () e () T (2.54)
We can find the velocity at the point « by considering the velocities of the endpoints:
o) = 2B =z dry, wom) des (2.55)

zo(t) — a1 (t) dt xo(t) — 1 (t) dt
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From which it follows that

Op N P2—¢
E(JI, t) = —mv(x,t). (2.56)

By the definition of the material derivative and equations (2.53) and (2.56), we get

Dy _9p Oy
Dt 0ot ol )ax
P2 P vz, t) + &v(gx,t) =0, (2.57)

Cza(t) — x1(0) z2(t) — z1(t)

Showing that Theorem 2 indeed holds in this case. It follows immediately from Theorem 2 that for a vector

valued Lagrangian basis function ¢ we also have D/Dt = 0. Indeed, we can write ¢ = (¢1,...,904) ",
thus
B[
D
=] (2.58)
Dt . .
Dyg 0
Di

The last ingredient for the proof of Theorem 3 is the product rule for the material derivative.

Lemma 1 (Product Rule). Let Q(t) C R? be a domain subject to a velocity v(x,t). Let f(x,t) and
g(x,t) be two differentiable functions on Q(t). Then we have:

D Df

ﬁ(f‘g) Dr +f —

Proof. The statement is proved using the definition of the material derivative:
D 0
5 fr9)=5,(f9) +v-V(f-g)
PR d
= o (Z figi> tuv- (Z V(fig:)
i— i=1
afi 09
f z+f1 g>+zvk<

I
M&

'Lzl ag k::l ] =1 ag
:Z z+fz Z)""ZZ'UIC( z+fz Z)
i=1 i=1 k=1
d
=2

9g; d
gi + fi ) + Z (9i(v-Vfi) + fi(v-Vg))

~.
Il
—

(@
(&
(o
> (

[
M=~

o (afz t o sz) b <c’)

g+f —

)

.
Il

1
Df
" Dt

@

O

Theorems 1, 2 and Lemma 1 are used to prove the following theorem. It is particularly useful for reducing
complicated expressions involving the material derivative to easy to discretize terms using Finite Elements.

Theorem 3. Let f(x,t) be a sufficiently smooth vector function. Furthermore, let ¢ be a Lagrangian
basis function, and let v(x,t) be the velocity of the point x € Q(t). Then:

Df d
+(V-v f)-(,on: fedQ.
/Q(t)(Dt V-v) dt Jou

Proof. Using Lemma 1 and Theorem 2, we find:

Df D D

D¢
— pdQ= —(fp)—f-—d0= —(f-p)dQ
o) Dt Q) Dt( ) Dt Q) Dt( )
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Define € = f - ¢, then:

D D¢
Z(f-p)dQ = =540
o Dt(f ®) o DI

9¢
= 2 4y vedQ

=/ %-l—V-(fv)—(V-v)fdQ
Q(t)

z/ %—(V-v)ﬁdﬂ—k (vem)dl
o) Ot NG
Using Theorem 1 we find:
Df D¢
— + V"Uf>- dQ = — 4+ (V-v)£dQ
L, (Br+@s)-pan= [ Fawe0

:/ L (Gt (Vovyedot [ &wem)dr

r(t)
= / o€ dQ + (v-em)dl’
o) Ot T(t)
d

d
~ 2 ca0=2] f.pan
dt Jo dt Jow® ¥

O

Thus, if we assume that ¢ is a Lagrangian basis function, then by Theorem 3 the weak form (2.51) is
equivalent to:

d
p— 'v-cdef/ (V-o')-cde:/ g - dQ. (2.59)
) Q(t) Q(t)
Using the same derivation as in (2.18), the weak form can be further expanded into
d
p—/ v-cde—i—/ o(u,v) :e(p) dQ = g-cde—i—/ T-pdl. (2.60)
dt Jo Q) () Ta(t)

The stress tensor is given by (2.37). This splitting is useful, because the two tensors o and o5 are
very similar to the stress tensor in (2.10). Thus, the element matrix entries are also very similar to those
derived in section 2.2.2.

2.3.4 Galerkin Equations
Let u;, and vy, be the Finite Element solutions, we write

n

wn(@,) = > ul (0] (@:1) + (1)) (2.61)
vn(@.t) = 3" o} (D) (@it) + o} (i (@) (2.62)

where <p]11 and QO? again contain the scalar-valued basis function ¢; in respectively their first and second
position, and zero in the other. We use linear basis functions for ¢;(x;t), centered in the vertex ;. Note
that the basis functions depend implicitly on ¢, since the vertices x; depend on time. Moreover, the basis
functions are Lagrangian, making the weak form (2.60) valid. Substitute (2.61) and (2.62) into (2.60),
and set ¢ equal to ¢} and ? for i = 1,...,n. Due to the splitting of o into an elastic and viscous part,
we obtain the following system of equations:

d (pMo'\ | (SE SR\ (ul) | (S SI2\ (v :
L) DE) @ DO e
2 1

v

where the vectors u', u?, v' and v? contain the coefficients ujl-, uj, v;

matrix M is given by

and UJ2- respectively. The mass

Q(t)



2.3 Viscoelasticity 15

The right-hand side vectors of (2.63) now include both the body force and shear force, they are given by:

(g"); :/ g-cp% dQ+/ 7'-4,011 dr :/ gt dQ+/ Tl dT, (2.65)
Q(t) T2 (t) Q(t) T2 (t)

(%) = / g7 dQ —l—/ T p?dl = / g2 dQ —|—/ 72p; dI. (2.66)
Q(t) Ta(t) Q(t) Ta(t)

Moreover, the elements of the Se; and Syis blocks are very similar to (2.30)-(2.33):

9pi 05 09 995 10

Sy = [ Velieule)ao = / ROSRSE = e (2.67)
S = [, Vel roaleh an = / . 2G50 B g (2.65)
(Sa)y = » Vg7 i oa(p)) 2 = /Q(t) %Na%ﬁi%‘f')\ 88% 88% o, (2.69)
(83 = » Vi oa(p]) d? = /Q . %%%ﬁi%ﬂ cH A )86% %fj Q. (2.70)
And:
(Seis)ij = /Q(t) Vi iou(p;) A2 = /Q(t)(uwrkv)%iiaaij + luv%ii%—? aQ,  (2.71)
(Sei)is = » Vi s ou(]) A = /Q . Av%‘ii% +% 88% 88% e, (2.72)
(S2h)i; = /Q . Ve ou(p)) dQ = /Q . 1%%” aa(ij +Aq,8(,fl %‘pﬁ dq, (2.73)
(Si)iy = o Vi 1 ay(p7) A0 =/Q( 1u %ﬁz 682] + (o + Ao )%‘pl 88% Q. (2.74)

Note that we have changed the strain tensor €(¢) in the weak form (2.60) into V. This is valid as per
the derivation in (2.20). We can write the system in (2.63) in the even shorter notation

p%(ﬁv) + Sett 4 Syis¥ = g, (2.75)
where ol ol 4!
() o= (). o= (). e
and . M 0 Sll 512 Sll 512
(6w s () - (S a7

Note that we are ‘overloading’ the symbols u, v and g. They denote both a physical quantity and a
numerical vector containing unknowns. Their meaning should be clear from the context.

2.3.5 Time Discretization

We use Implicit Euler to discretize (2.75) in time. It is important to note that the matrices M, Sq, Syis
and the vector g all depend on ¢, since they all involve integrations over the time-dependent domain (t)
of the time-dependent basis functions. Applying Implicit Euler yields

(Mm + Atsgfs) o™ 4 AtSTu™ = M ly™l 4 Atg™, (2.78)
The superscript denotes a time level. To solve for v™ and u™, we need another equation. This equation
is obtained by discretizing the second equation (2.48). In the framework of a moving grid, this turns out
to be rather straight-forward.

Lemma 2. Let u;(t) be shorthand for u(x(X;,t),t), then

Du; u; (t + At) —Uu; (t)
= A .
Dt At O
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While the statement in Lemma 2 might seem obvious, it is more nuanced than a simple first order
approximation of a time-derivative. The movement of the grid is encoded in the displacement vector w.

Proof. Use a first order Taylor expansion to expand wu;(t + At) around u;(t):

d

wi(t + At) = w;(t) + Atdtui(t) +0(At?).

Let us calculate the time derivative of u;:

&Ui(t) = &U(m(xi,t)vt)
= (X0 0),6) + Vul@(Xe 1), 1) S0 (X 1)
- %l;(w(Xi7t),t) = [l);:i.
By rearranging terms and dividing by At one finds the desired expression. O
Using Lemma 2, we again discretize (2.48) by
u™ —um = Ato™, (2.79)

where we again use Implicit Euler. Joining equations (2.78) and (2.79) into a single system yields

M™+ AtS™ AtS™ (o™ _ (M™t 0\ (o™ g™
< —AtI I )(um>< 0 I) (um_1 A% ) (2.80)

Since the grid at time level m depends on u™, we cannot solve (2.80) directly for 4™ and v™. Instead,
we use an iterative scheme. Note that the system in (2.80) can be abstractly written as
A(2)z = ¢+ b(2), (2.81)

where 2z is the unknown vector, A(z) is the left-hand side matrix, ¢ is a constant vector corresponding to
the solution at time ¢, and b(z) is the right-hand side vector containing g™. We approximate the solution
to (2.81) by generating a sequence (zj) using the following update rule:

A(Zk)zk+1 =c+ b(Zk) (282)

Where z¢ is equal to the unkowns at time level m — 1. If we translate this scheme back to the original
variables, we get

— . —~ -
(s S0 8a0) (we) L (F 0 () (8 oy
Where the subscript £ means the matrix or vector has been calculated on the grid based on uj. In words,
one iteration of the scheme amounts to:
e Create new grid based on uy.
e Calculate matrices Mk, (Svis)ks (Sel)r and vector gi on the new grid.
e Solve (2.83) for up4+1 (and vg41).

If the iterative process converges, we have found a fixed point of (2.83), and thus a solution to (2.80). In
practice, we say that the scheme has converged if the relative difference between two consecutive iterates
is sufficiently small. That is, if
ks — wrll | [lves1 — vkl
[l | okl

<6, (2.84)

for some small § > 0.
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2.3.6 Numerical Experiments

We run the Finite Element model using the parameters p = 1, u. = A\c = u, = A, = 1. The initial
domain is the unit square: Q(0) = (0,1)2. We apply the body force g = (0,—0.1)T. On the left border
(z = 0) a homogeneous Dirichlet boundary condition is imposed; this border is fixed. On the remaining
boundaries, a homogeneous Neumann boundary condition is imposed, corresponding to 7 = 0. The
solution is expected to converge to the stationary solution, which is shown in Figure 2.5. Note that the
stationary solution has been computed using the elastic Finite Element model from section 2.2.

1.0 4

0.8 A

0.6

0.4

0.2

0.0 1

—-0.2 4

0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.5: Stationary solution. A meshwidth of A = 0.1 has been used.

We solve the viscoelastic system from ¢t = 0 to ¢ = 8 using a stepsize of At = 0.05. The same (initial)
meshwidth of h = 0.1 is used. Figures 2.6a - 2.6d show the intermediate finite element solutions. Note
that in Figure 2.6¢ the mesh has passed the equilibrium state. Due to the elastic nature of the material,
it will again bounce back, as can be seen in Figure 2.6d. This is a result incorporating the viscous term
in the force-balance equation.
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(a) Finite element solution at ¢t = 1.0. (b) Finite element solution at ¢ = 2.0.
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(c) Finite element solution at ¢ = 4.0. (d) Finite element solution at ¢ = 8.0.

Figure 2.6: Plots showing the finite element solution at various points in time.

2.4 Morphoelasticity

Using morphoelasticity allows us to model elastic growth. The idea as introduced in [12] is to decompose
the deformation tensor F' as defined in (2.45) into an elastic part F¢ and plastic part F?:

F =F°F”. (2.85)

An intuitive way to look at this decomposition is to consider the corresponding mappings that map
coordinates onto each other. Between the initial state X and current state x, a stress-free state z is
introduced. In the stress free state, only the plastic deformation is applied. The decomposition can then
be represented as

F- x5 5 (2.86)

The stress-free state is a virtual configuration; the mapping F? need not even be continuous. In [8], the
theory of morphoelasticity is used to obtain an evolution equation for the strain tensor €. It is important
to note that the structure of the problem now becomes completely different compared to viscoelasticity.
In the latter framework, e directly related to the displacement wu, allowing us to construct a model that
computes u directly. In the framework of morphoelasticity, u will no longer be explicitly featured in any
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of the equations. Instead, the model only allows us to compute € and the displacement velocity v, from
which w can then be determined in a post-processing step. We will not reproduce the derivation of the
strain evolution equation from [8], as it involves many pages of algebraic manipulation. Together with
(2.36), we obtain the following morphoelastic system of equations:

p (]_‘;:; +(V -v)v) —V.o(v,e)=g (2.87)
% + eskw (Vo) — skw(Vo)e + (tr(e) — 1)sym(Vo) = —G. (2.88)

The stress tensor is again given by an elastic and viscous part such as in (2.37), but the elastic part now
depends directly on € instead of u:
oa(€) = pee + Actr(e)l. (2.89)

Note that to obtain the updated locations of the grid nodes, one must still compute u. It can be extracted
from wv. Like in the previous section, part of the boundary is fixed by setting v = 0 on I';(¢), and on the
other part the shear force is prescribed:

o-n=7, only(t). (2.90)
To reduce the number of unknowns by one, we shall first prove the following lemma.

Lemma 3 (Daan Smits [16]). If G is symmetric for all t > 0 and € is symmetric at t = 0, then € is
symmetric for all t > 0.

Proof. Consider the transpose of equation (2.88):

D T
% +skw(Vo) e —eTskw(Vo)" + (tr(e) — )sym(Vo)" = -G".

Using the facts that G = G, skw(Vv) " = —skw(Vwv) and sym(Vv) " = sym(Vv), we get

D T
% + € "skw(Vo) — skw(Vov)e " + (tr(e) — 1)sym(Vv) = —G.
Subtract the above equation from (2.88) to obtain
D(e—e€")
Dt

Thus, whenever € is symmetric, we have

+ (e — € ")skw(Vw) — skw(Vv)(e —e') = 0.

D(Ee—¢e")
Dt

Since € is symmetric at ¢ = 0, it will be symmetric for all ¢ > 0. O

=0.

In the numerical experiments, we will set G = ae. In this case Lemma 3 holds whenever e is symmetric
at t = 0. We always set €|;—¢9 = 0. From now on, we will assume the conditions of Lemma 3 are met.
Since €!? = €21, we are left with the 5 unknowns v!,v? and 't 12, 22,

2.4.1 Weak Formulation

Velocity Evolution Equation

We first consider the weak form of (2.87). Note that we can repeat the steps in section 2.3.3 up until
equation (2.60). We must now however split the stress-tensor into a viscous part and strain part to obtain
the following weak form:

d
— v-gon—i—/ (ovis(v) + ga(€)) : Ve dQ =
Q(t)

P g-cde+/ T dQ2. (2.91)
dt Q(t)

Q(t) r(t)

The integral of ois(v) : Vo will lead to the same Galerkin equations as in section 2.3.4. Therefore we
will focus on the part involving €. Let ¢ be a scalar-valued Lagrangian basis function. If we first let
¢ =(p,0)7, then

1209

+ pee'? 22 (2.92)

oa(e) : Voo = (e + Ae)e™ + 2e??) 2 o

gy
ox
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Now let ¢ = (0,¢) T, then:

9%

Oy
g¥ ) o

11 22
O + ()\55 + (pe + )\E)E

gale) : Vip = pe' (2.93)

By considering these expressions and using (2.71) - (2.74), we get the following weak form for the equation
for vy:

ovt Ov? Do
dQ2 v )\1) )\1)7 A )\ *
pdt/ﬂ(tvcp +/Q(t)<(u+ )ax+ ay+(ﬂs+ c)e! )ax
1 ot 1 0? 12) Op 1 1
| = pho—=— + = py—— + eE dQ = g <de+/ Tedl, (2.94
(2 oy 2" oz ay Q) I(t) 220

and for the equation for vo:

1 ovt 1 0 Op
11 dQ+/ ( vt oot 8512) -

vt ov? dp
+ [ A=+ (o + Ao) = + Aee™ + (e + e > dQ = G dQ +/ 2pdl, (2.95
( Oz ( ) dy ( )e* oy Q) () (2.95)

Strain Evolution Equation
We write out the strain evolution equation (2.88) component-wise:

11 2 1 1
R ) A
De'? Loy o (O 002 Lo, o ov? o' 12
—(eM - ——-—+z -N{—+=] =- 2.
D1 +2(5 € ><8y 8$)+2(€ +e )(81:+8y> G, (2.97)
22 1 2 2
b fen (35; - 55;) et e — G2 (298)

Before we multiply these equations by a test function and integrate them over Q(t), we add a term
involving V - v to both sides. This is done in order to use Theorem 3. After rearranging some terms, we
find that (2.96) - (2.98) are equivalent to:

De'! 11 n® oy (00 ! 9 OVt OU? ”
Del? 12 1 Ot 1 (Ot dv 99 OV? ov Ov 2

( Di +(V-v)e >+5 6—y—6 (8x+8y>+5 o <6az + 8y> G (2.100)
De?? 99 Hnov: (o ot 9 OV D02 99

(Dt (Vv )*E T (ax‘ay>‘5 o oy 9 (2.101)

Let ¢ be a Lagrangian test function, then by Theorem 3 we find the following weak forms:

d 1 / < nov? (81}2 31)1) 228111)
— [ elpda+ —eM T e (T - T ) 4627 ) pd0
@ Jow~ 7 Jaw Ay dx By o )"

(2.102)
( G11> 97
1
(502 )
Q(t) Q(t) Y o Y , (2.103)
v v
= =+ = G12> dQ,
/Q(t) (2 (63@ Jy > v
2 2 1 1
g/ 220 dQ +/ (611(% —et? (81} - 8U> — 522(%> » dQ
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Another way to obtain these equations is to multiply (2.88) with a symmetric tensor-valued test field ¢,
and integrate over Q(t). To use Theorem 3, first add and subtract (V-wv)e. We then get the weak form

De
/Q(t) (m+(Vv)s> CdQ

+ / (f-:skw(Vv) — skw(Vo)e + (tr(e) — 1)sym(Vv) — (V- v)s) L ¢ dQ
Q(t)

=— | G:¢dQ. (2.105)
Q(t)

Applying Theorem 3 yields

d
— e:¢dQ
dt Jou

—|—/ (eskW(Vv) —skw(Vv)e + (tr(e) — 1)sym(Vv) — (V- v)s) 1 ¢ dQ
Q(t)

=— | G:¢d. (2.106)

This step is valid provided ¢ is a Lagrangian test field. Setting ¢ equal to

p 0 0 ¢ 0 0
(G0 () = o)

yields equations (2.102), (2.103) and (2.104) respectively. To further motivative this, the tensor in the
middle term of equation (2.106) is computed component-wise:

eskw (Vo) — skw(Vv)e + (tr(e) — 1)sym(Vv) — (V- v)e

_ oy ox dy Ox oy or oy or
dy ox oy or oy or oy ox
oo oy
2\ 0 9]
11 81}18x Ov? y3v2 ’ (2.107)
2 (ay * am> By

One can then immediately see that taking the double dot product with one of the test tensors above
leads to equations (2.102) - (2.104).

2.4.2 Galerkin Equations

We derive the Galerkin equations corresponding to weak forms (2.94), (2.95) and (2.102), (2.103), (2.104).
Let ¢; be the linear basis function centered in grid node j. The finite element solutions are then of the
form

n n n n n

1 1 2 _ 2 1 _ 11 12 _ 12 22 _ 22

Vo= E vip;, V= E vipj, € = g €j gy, €°= E €itp;, €°= E €57 %5, (2.108)
j=1 j=1 j=1 =1 j=1

The coefficients 1131-, e ,5?2 depend only on time, whereas the basis functions depend on space and time;
; = j(x;t). Substitute the finite element solutions into the weak forms, and set ¢ = ¢; fori =1,...,n.
Then each weak form will yield n equations. Note that the equations derived from (2.102), (2.103) and
(2.104) will contain a non-linear part, due to the products between e-components and spatial derivatives
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of the components of v. The resulting non-linear system is given in block matrix form by:

pMuv! S SIZ 0 (ue +A)By  peBy AeB: vl 0
d pMv* S¥s S% AeBy peBa  (pe + Ac)By v’ 0
— | Me* | +| -B) 0 0 0 0 el | +| N'(z)
At etz _1BT _1p] 0 0 0 el? N12(z
Me?? 0 -B, 0 0 0 e?? —-N'(z2)
g+ 7
g% + 72
=| -Gg!" (2.109)
_G12
_G22
Here v! = (vi,...,vl)" etc, and the vector z contains all the unknowns: z = (v!,v? e!! e!2 22)7.

The components of the matrices SLL, S12  S2L and S22 are given by (2.71), (2.72), (2.73), and (2.74)

respectively. Similarly, the right-hand side vectors g' and g2 are given by (2.65) and (2.66) respectively.
The mass matrix M is again given by:

Q(t)

The components of the matrices B, and B, are given by:

i

B, :/ 40, 2.111

(Bz)ij Q(t)SOJ O ( )
dir

(B = [ o dn. (2.112)
Q(t) Y

The non-linear functionals N!' and N'? are defined component-wise by:

N} (z ZZ( Jks Lo — Njks vk+ijk5}2vi+Njk522vi) (2.113)
j=1k=1
N12 ZZ( ]ke Uk Njk€ Uk Njkg U}%+N£k€22’01€) (2.114)
j=1k=1
where
Iy,
bk = ipj—— de, 2.115
ijk /Q(t)sa SDJ 81? ( )
o
N =/ pipj—— da. (2.116)
ik Q(t) ! dy

Finally, the right-hand side vectors G'', G'? and G?2 are given by:
GH :/ ©;GM dQ, G2 :/ ©;G1?dQ, G*2 :/ ©;:G*?dQ, d,5,ke{1,2,3}. (2.117)
Q(t) Q(t) Q(t)

The element vectors and matrices of all objects found in system (2.109) are found in Appendix A.2. To
model permanent deformations, we let the growth tensor G be proportional to the strain tensor e:

G = ae, (2.118)
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for some proportionality constant o > 0. In this case we have G'' = aMe'!, G'? = aMe'? and
G?? = aMe?2. Thus, system (2.109) becomes:

pMuv! S S12° (ue +X)Bx  peBy B, vl 0

d pMwv? 5\2/115 53125 Ae By peBe  (pe + ) By v? 0
— | Mt |+ | -B] 0 aM 0 0 e | +| N''(2)
Al ez | | -iB] -iB] 0 aM 0 etz N12(2)
Me*? 0 -B, 0 0 oM e?? —-N'(z)

gl+7.1

92+T2

= -G" (2.119)
_G12
*G22

It will become useful to write the above system in a more compact form. To this end, we define the block

vectors v = (v!,v?)" and € = (e!!,€2!,€22) 7. Then system (2.119) can be written as

L5 )0 (u0a)-(5)

Here M, and M. the block matrices with respectively 2 and 3 times the mass matrix M on its block-
diagonal. The other block matrices and vectors should be clear from the structure of the system when
compared to (2.119). The per-element contributions, or element matrices/vectors, of all objects found in
this section are computed in A.2.

2.4.3 Time Discretization
We use the following short notation to denote (2.109) or (2.119):

d /~
= (Mz) + Az + N(z) = f. (2.121)
Note that M , A, N(-) and f all depend on z implicitly, because they involve integrations over the current
domain Q(t). We use the implicit Euler timestepping method. Applying this method to (2.121) yields
the following update equation:

(M’m + AtAm> 2™ £ ALN™ (2™) = M™~L2m=L 4 Atf™, (2.122)

The superscript denotes a time-level. In the case of the coefficient matrices and right-hand side vector,
the time-level is shown explicitly to emphasize that these objects depend on the grid. Note that the grid
at time-level m can be computed using v™ like in Section 2.3.5. Given z™~!, to obtain 2™, we must
solve an equation of the form

QI¢I¢ + 4[] () = fI¢] (2.123)

for ¢ = 2™. This equation is an even more abstract form of (2.122). Due to the non-linearities (concerning
both the grid update and the non-linear part), it must be solved using a Picard-type iterative method.
We consider the following update rule:

QI + ql¢h1(¢h) = FI¢ (2.124)

where (© = 2™, Note that ¢/t can be obtained by solving a linear system. Using this method, we
only need a single Picard-loop in each timestep. The algorithm is presented in pseudocode in Algorithm
1.

Algorithm 1 Single Loop Timestep
set (0 = 2t
for {=0,1,...do _
¢ = QICTMICT - alcI¢)
if [|¢“T! — ¢¥|| < 6 then

set ztTAL = ¢+l
break for-loop
end if

end for
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Another option would be to use a different update rule, such as

QICTIC T + q[¢h(¢h) = FI¢Y). (2.125)

Now, in order to calculate ¢‘T!, one must invert the non-linear operator ¢[¢‘](-). As this is not feasible
in practice, a nested iterative scheme must be used to obtain ¢“*'. Such a nested iterative process is
presented in Algorithm 2.

Algorithm 2 Nested Loop Timestep

set (0 = 2?
for /=0,1,... do
set <€+1,0 — Cé
for m=0,1,... do _
¢t = QICTH(FICT — al¢I(CTh™)

if ||¢trimtl — ¢ hm|| < §) then
set Cf-‘,—l — <€+1,m+1

break for-loop

end if

end for

if ||¢“T! — ¢f|| < 62 then
get zttAt — CZ—H
break for-loop

end if

end for

In practice we see that Algorithm 1 performs well. It should be noted that although an unconditionally
stable method is used, we still have a restriction on the timestep. If At is too big, then the Picard
iterations will not convergence.

2.4.4 Numerical Experiments

Let the initial domain be the unit square, Q(0) = (0,1)2. The left border (z = 0) is fixed in place. A
homogeneous Neumann boundary condition is imposed on the other boundaries; thus o -n = 0. The

body force f is set to
F
@)= (5 ) 00

where F' = 1/2. We also set
p=1, pe=A=p, =X =1

Note that this corresponds to setting the Poisson ratio to v = 1/3, hence we expect some amount of
transaxial compression as a consequence of axial stretching. We set G = ae for various values of a.
When a = 0, we expect there to be no permanent deformations; the system is purely elastic. In this case,
the domain should ‘bounce back’ to its original state after ¢ = 1. For a > 0, we expect there to be some
permanent deformations. Figures 2.7, 2.8 and 2.9 show the finite element solution at ¢t = 10 for a = 0,
a =1 and a = 10 respectively.
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Figure 2.7: finite element solution at ¢ = 10 for o = 0.

Note that as expected, the domain has bounced back to its original state.
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Figure 2.8: finite element solution at ¢t = 10 for o = 1.



2.5 Comparison Between Elastic Models 26

08- AVY
WA

0.4

AVA
0.2 1
0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 2.9: finite element solution at ¢t = 10 for o = 10.

2.5 Comparison Between Elastic Models

In this section, we show the qualitative differences between the three elastic models. To this end, a
time-dependent force is applied to the domain. In the case of the purely elastic model, equation (2.14)
is made time-dependent. That is, since the body force is a function of space and time; g = g(x, t), so is
the displacement: u = w(x,t). For the first comparison, we consider the unit square, and set the body
force equal to

0
9l t) = (_o.1sm(m)1[0,1] (t)) (2.126)

Thus for ¢t > 1 no force is applied. The left boundary of the domain (z = 0) is fixed in place. The shear
force on the rest of the boundary is set equal to zero. To compare the different models, we track the
y-coordinate of the bottom right corner of the square. Moverover, a uniform initial grid with maxmimum
meshwidth A = 0.05v/2 is used. Figure 2.10 shows this grid, and the position of the tracked point.

1.0 4

0.8 1

0.6 1

0.4 1

0.2 A1

0.0 1

0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.10: Finite element mesh with tracked grid node shown in red.

As the body force is applied to the domain, we expect it to move in a similar fashion to Figure 2.6. In the
elastic case, the displacement will react instantaneously to the force, whereas in the visco- and morphoe-
lastic models, the reaction will be delayed due to the interial forces. Furthermore, in the morphoelastic
case we expect some permanent deformations, hence the domain will not return to its original shape. We
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run the simulations until ¢ = 5 using a timestep of size At = 0.05. The mechanical parameters are set to
e =Ae=1, p, =X, =05, p=0.1. (2.127)

Figure 2.11 shows the y-coordinate of the red point as a function of time. Note that we have considered
two different morphoelastic models, one with & = 0.5 and the other with a = 1. We see that in the latter
case, there is more permanent deformation.

0.00 - —
—0.05 A
—0.10 A
=0.151 - Visco
—— Morpho (¢ =0.5)
—0.20 A ——==- Morpho (a=1)
0 1 2 3 4 5

Figure 2.11: y-coordinate of bottom right corner as a function time for various elastic models.

Also observe that in the purely elastic model, the reaction the force is indeed instantaneous. After the
body force vanishes, the domain will immediately return to its initial state. In the viscoelastic model,
the domain also returns to the initial state, but this takes more time. Moreover, in both the viscoelastic
and morphoelastic models, there is a small amount of ‘overshoot’. Due to the inclusion of inertial forces,
the domain slightly oscillates around the equilibrium position.

For the second comparison, we use the same initial domain and boundary condition. The body force is

set to
g(z,t) = (0'2 Sm(wé)]l[o’” (t)> . (2.128)

Thus, we now expect the domain to stretch in the z-direction. The following mechanical parameters are
used:
e =Ae =1, pu, =X, =05, p=0.5. (2.129)

Thus, due to A; being positive, we also expect some transaxial compression. To measure the stretching
and compressing of the domain, we track the maximum domain width (in the z-direction), and the
minimum domain height (in the y-direction). Figures 2.12a and 2.12b show these two quantities as a
function of time.

Max. Width Min. Height
1.06 - —— Elas. 1.00
—— Visco
1.05 A —— Morpho (¢ =0.5) 0.99 -
1.04 4 === Morpho (a=1)
1.03 4 AN\ Nvrsorde s s srsaew s 0.98 -
1.02 A
0.97 —— Visco
1.01 A —— Morpho (a=0.5)
_ _ -=-- Morpho (a=1)
1.00 _
T T T T T T 096 T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
(a) Maximum width of domain. (b) Minimum height of domain.

Figure 2.12: Maximum domain width and mimimum domain height as a function of time for various elastic models.
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Note that in Figure 2.12b the line corresponding to the viscoelastic simulation contains a non-differentiable
point. This is simply the result of fixing the left border. Hence there will always be a height of length 1
in the domain.

An interesting property of the morphoelastic model is that although the domain does not converge
to its original state, and thus the displacement does not converge to zero, the strain energy does converge
to zero. In Figure 2.13 the strain energy is shown for the morphoelastic simulation with o = 1, thus it
corresponds to the dashed green lines in Figures 2.12a and 2.12b. We define the elastic strain energy by

1
Estrain(t) = 5 /ﬂ( )Ue1(€) : e dQ)
t
1
- 7/ pe € 1 €+ Actr(e)? dQ. (2.130)
2 Jaw

This shows us that the classical definition of the strain tensor (2.8) does not make sense in a morphoelastic
setting. The strain tensor is no longer directly related to the displacement.

Estrain
0.0008 A
0.0006 -
0.0004 -
0.0002 -
0.0000 -
0 1 2 3 4 5

Figure 2.13: Strain energy as a function of time corresponding to the morphoelastic simulation with a = 1.



The Mechanics of Porous Media

In this chapter a number of finite element models are developed for different poroelastic systems. We
start with the one-dimensional Terzaghi problem, which is a simplified poroelastic model. It is solved
using linear-linear elements, meaning that we use linear basis functions for both w and p, and quadratic-
linear elements, where we use quadratic basis functions for w and linear for p. In both cases we encounter
non-physical oscillations in the pressure solution for small values of k, or small timesteps. It is shown
that these oscillations can be fixed by using diffusive stabilization.

We then move on to two-dimensional poroelasticity. First we consider infinitessimal deformations corre-
sponding to high values of the Lamé constants. This poroelastic system is solved on a fixed domain, since
the deformation tensor is assumed to be close to unity. We subsequently consider visco- poroelasticity
on a moving domain. This model essentially combines poroelasticity with the viscoelastic model from
Section 2.3. The chapter is concluded by a comparison between the viscoelastic and visco-poroelastic
models.

3.1 Porous Media

In this section we will discuss the basic physical assumptions on which poroelastic systems are based.
A porous medium is a material that contains small, connected voids. These voids, called pores, are
completely filled with one or more fluids. Fluid flows through porous media are used in many different
fields. For example in the field of geomechanics, the interaction between water and oil in a porous rock is
often modeled using a two-phase fluid flow in a porous medium. In the context of this project the porous
medium represents a tissue in which tumor cells are present. The poro-fluid is the extra-cellular fluid.

The pores in the medium are very small. We consider the porous medium from a macroscopic point of
view, hence we are not interested in the precise locations and shapes of the pores. Instead we consider the
parameter ®, which represents the fraction of space occupied by solid material. Hence 1—® is the fraction
of space containing voids and is called the porosity. Instead of considering the velocity of individual fluid
particles, an average poro-fluid flux called the Darcy velocity is used. It is denoted by vp. To relate the
Darcy velocity to the actual poro-fluid velocity we need to take into account the porosity:

vp
vp = . 3.1
r=2 (3.1)
If @ is close to 1 then there is not much space for the fluid to occupy. Thus to achieve a certain Darcy
velocity, the fluid velocity must be high. Darcy’s law relates the Darcy flux to the pressure gradient:

k T
vp = — 252V (3.2)
/~Ldyn

Here kperm is the permeability of the medium, and pqyn is the dynamic viscosity of the poro-fluid. Note
that ftqyn might be different from the viscoelastic parameter u,. The reason for this difference is that the
medium might contain other fluids or materials, leading to a different viscosity of the medium compared
to the poro-fluid. From this point, we will write & = kperm/ftayn. The parameter k is assumed to be
constant in the remainder of this work. It will become important in Chapter 3: small values can lead to

29
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problems with the solution. Darcy’s law tells us that the Darcy velocity is proportional to the pressure
gradient, and flows from high-pressure locations to low-pressure locations.

To relate vp to the displacement velocity, we define the net velocity v,y = v+wvp, where v represents the
displacement velocity. The net velocity is assumed to be incompressible: V - v, = 0. This assumption
follows from conservation of matter. By applying Darcy’s law we find the equation

V.v—-V-(kVp) =0. (3.3)
In the poroelastic systems from Chapter 3, we use the slightly adapted equation
V.v—-V-(kVp) = f. (3.4)

Here f represent a mass source (or sink) function. In a poroelastic medium the fluid pressure must also
be taken into account in the force balance equation. For this reason the term —pI is added to the stress
tensor.

3.2 Terzaghi Problem

We develop several different finite element models for the Terzaghi problem in one dimension. This
problem is analyzed in [1] in order to show that non-physical oscillations occur for small timesteps. We
consider the domain = (0,1), assume the medium is porous and purely elastic, and consider only
infinitessimal deformations. The corresponding stress tensor in one dimension is given by:

Ou
o= (= + /\E)% —D. (3.5)
The force balance equation then becomes
do ou  Op
~ = 0, hence — (p:+ )\E)a—x + B = 0 (3.6)
Using the fact that for infinitessimal deformations we have v = Ju/0t, equation (3.3) becomes
0 (Ou 0%p
— =) -k =0. .
ot (8x> Ox? 0 (37)

The Terzaghi problem is obtained by setting u. + A- = 1 and &k = 1. We then get the following system
of partial differential equations:

%u  Op
*@4’%—0, 1‘6(0,1), t>0, (38)
0 (Ou 0%p
—|=])-=== 1), t . .
5 <8$> 92 0, z€(0,1),t>0 (3.9)
The following boundary conditions are imposed:
ou
s =1 = 1
0.0 =1 p(0,6)=0, (3.10)
dp
1,t) = —(1,t) = 11
u(L =0, SL(15=0, (3.11)
as well as the initial condition Ou/dz(x,0) = 0. Define the following function spaces:
Vo ={p € H(0,1): p(1) =0}, (3.12)
Wo = {¢ € H(0,1) : 4(0) = 0}. (3.13)

The weak form of the Terzaghi problem is given by:

For every t > 0 find u(-,t) € Vy and p(-,t) € W) such that

Loudy | op
o Oxdx  Ox

Lo [ou dp dy
/0 8t<8x)w+8xdxdx_0’ Yy € W.

pdr=p(0), Ve,
(3.14)
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Note that the ¢(0) in the right-hand side of the first equation is a result of boundary condition (3.10).
Let up and py, be the finite element solutions. We write

D=3 w0 ) =S o0 (), (3.15)
Jj=1 Jj=1

where the ¢; span a finite dimensional subspace of Vy and the v; span a finite dimensional subspace of
Wo. The Galerkin equations corresponding to the weak form (3.14) are given by

. 1
de; dy; )
Zuj/o iz d:v] dz +ij/ ¢ dx*gp,(O) ie{l,...,n.},

d“J/ wld"‘”d +Z /dwld%d 0, die{l,...,n}

B OECHE-6) .

3.18)
3.19)

(3.16)

In block matrix form we have

Here u and p are the vectors

= 8
T
—
S
—_
GONN
SIS
—~
~~ ~+
S— N—
s <
3 3
ki S
,t:#\ ~
~ =
~— ~—
-4 A
—~ o~

The blocks are given component-wise by:

Dij:/olwid@f der,  ie{l...omb je{l ... b, (3.20)
Gij:/o1 CZ/J dr,  ie{l...mb j€ L), (3.21)
Sij:/o iﬁi% dz,  dje{l,... ng), (3.22)
Li]:/o1 iﬁi% dz,  i,je{l,...,np}. (3.23)

The right-hand side vector b is given component-wise by:
bi = ¢i(0). (3.24)

In practice we will use basis functions that equal 1 at exactly one grid point and zero everywhere else. In
this case b will have a 1 at its first position, and contain zeroes everywhere else. From (3.18) and (3.19)
it follows that D is a n, x n, matrix, G is ny, X ny, S is n, X ny, and L is n, X n,. We apply implicit
Euler to the system in (3.17). This leads to the following system:

S G u™ 0 0\ [um! b
(o ai) () = (5 0) Go) = 6) 629
The superscript denotes a time level.

3.2.1 Linear-Linear Elements

We first use linear basis functions for u and p. In this we have n, =n,. Let {0 =21 <29 < - < Zpj1 =
1} be a uniform partition of [0, 1] with meshwidth h. We denote the linear basis function centered in z
by Ar. Let e, be the element [zg,zr11] for k € {1,...,n}. On ey, only the functions Ay and Ag41 are
nonzero. Futhermore, on e; we have

dAk 1 d)\k+1 1
- __ Pl s — 2
dx h’ dx h (3.26)
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The element matrices corresponding to (3.20)-(3.23) are given by:

1 [=

D =G = [} ﬂ : (3.27)
1 _

Sor = Lo = o [_11 11] . (3.28)

In [1] it is shown that in order to obtain an oscillation-free solution, we must have

h2
At > T (3.29)
Figure 3.1 and 3.2 show the finite element solution after one timestep, using a meshwidth of h = 1/10
and a timestep of At = 1/200 and A¢ = 1/800 respectively. Note that in Figure 3.1 the bound in (3.29)
holds, whereas in Figure 3.2 it does not.

104 —— u
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Figure 3.1: FE-solution after one timestep using h = 1/10 and At = 1/200.
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Figure 3.2: FE-solution after one timestep using h = 1/10 and At = 1/800.

3.2.2 Quadratic-Linear Elements

We now use quadratic basis functions for « and linear basis functions for p. Such elements are called
Taylor-Hood elements. Since quadratic basis functions need an additions control vertex, we have n, =
2n, — 1. We again use a uniform grid with meshwidth h. Let ;. 1 be the midpoint of the element
er = [Tk, Tx+1). The quadratic basis functions ¢y, Pyl Pr+1 are defined by the fact that they equal 1
in their respective grid point and zero on the other two points. They can be expressed in terms of the
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linear basis functions:

or = A(2A — 1), (3.30)
Pyt = ANk Apt1, (3.31)
Ort1 = M1 (A1 — 1) (3.32)

Figure 3.3 shows the quadratic basis functions on the element ey.

10 — ¥k |
— Pkl
— Pk+1
0.8} i
0.6 - -
04| R
0.2 i
0 [ |
0.2 | -
T Tyl Th+1

Figure 3.3: Quadratic basis functions on the element ey.

From these expressions one can easily compute the derivatives of the quadratic basis functions:

dey, 1
Pk 2 — 1 .
e h( Ax — 1), (3.33)
d 1 4
) (3.34)
dpgr1 1
——— =—(4 —1). .
i h( Ak+1 — 1) (3.35)

Now Holand & Bell’s theorem [17] can be used to compute the element matrices. Note that most element
matrices are no longer 2 x 2. For example, D is now of the form

ek ek ex
Dek — [ D%, Dk’H% D ]

€k €k €k
Dk+1,k Dk+17k+% Dk+1,k+1

(3.36)

since D is multiplied with w, which now also contains coefficients corresponding to the midpoints of each
element. The element matrices corresponding to (3.20)-(3.23) in the case of quadratic basis functions for
uw and linear for p are given by:

11-5 4 1
er _ =
D = 5 {1 4 5] , (3.37)
1 -1 1
G = 5 -4 4], (3.38)
-1 1
(|7 =81
S = 7 -8 16 -8, (3.39)
1 -8 7
111 -1
er _
w1 )
In [1] it is shown that the lower bound for At in the case of quadratic-linear elements is given by
h2
At > —. (3.41)

6
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While this bound allows for smaller timesteps compared to the linear-linear case, it is only reduced by a
factor 2/3. Figures 3.4 and 3.5 again show the finite element solutions after one timestep, using the same
parameters as in Figures 3.1 and 3.2.

104 —— yu
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Figure 3.4: FE-solution after one timestep using h = 1/10 and At = 1/200.
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Figure 3.5: FE-solution after one timestep using h = 1/10 and At = 1/800.

Note that oscillations still occur for At = 1/800, but they are smaller in magnitude compared to the
linear-linear case.

3.2.3 Stabilization

In [13] it is shown that the non-physical oscillations can be removed by introducing a stabilization term
to equation (3.9). In the case of a uniform grid, equation (3.9) is replaced by:

9 (Ou &%p o (%

(=) -5 -pr’= (=5 ] =0 3.42

ot (8:10) Ox? p ot <8x2) ’ (342)
where h is the meshwidth and f is a constant that depends on the spatial discretization. For linear-linear
elements we have = 1/4 and for Taylor-Hood elements we have 8 = 1/6. The corresponding Galerkin

equations are then given by:
0 0 U S G\ (u b
(b 2) G0 9 6)- () 049

Notice that the difference with (3.17) is the L, block in the first matrix. It is given by:

L, = Bh2L. (3.44)
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We note once again that these expressions are only valid in the case of a uniform grid. Applying backwards

Euler to (3.43) yields
S G u™ 0 0 [um! b
(5 e o) ()= (5 2) )+ o) 642

Figures 3.6 and 3.7 show the finite element solutions for linear-linear and quadratic-linear elements after
one very small timestep. In both cases, the stabilized solutions show no oscillations.
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Figure 3.6: Stabilized and non-stabilized FE-solutions using linear-linear elements, after one timestep using h = 1/10 and
At = 1079, The solid lines represent the stabilized solutions and the dashed lines represent the non-stabilized solutions
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Figure 3.7: Stabilized and non-stabilized FE-solutions using quadratic-linear elements, after one timestep using h = 1/10
and At = 106, The solid lines represent the stabilized solutions and the dashed lines represent the non-stabilized
solutions

3.3 Poroelasticity on a Fixed Domain

Now consider a two-dimensional poroelastic system in the framework of infinitesimal deformations: it is
assumed that ||Vu| < 1. Therefore the displacement velocity simplifies to

ou
va (3.46)

by the derivation in (2.46). For this approximation to be accurate, high values of the Lamé constants .
and A are used. Combining the purely elastic model from Section (2.2) with the simplified version of
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equation (3.4) yields:

—V.o(u,p) =g, on €, (3.47)
V. %—? — V- (kVp) = f, on €. (3.48)

The stress tensor is given by:
a(u7p) = ael(u) - pI7 (349)

where the elasticity tensor o is given in (2.10). We impose the following boundary conditions:

u=0, kVp-n=0, on I'y, (3.50)
o-n=T1, p=0, on Iy, (3.51)

We use Implicit Euler to discretize in time:

V.o p")=g", (3.52)
V-u™ — AtV - (kVp™) = Atf™ + V-u™"1. (3.53)

Here At denotes the timestep. Using the same notation as in [13] the weak form is given by:

For each m > 1 find u™ € [H%l(Q)]Q and p™ € HY, () such that

a(u™, ) — (p",V-v) = (g™, v) + (™ v)r,, Vo e [HE(Q)], (3.54)
(V-u™, q) + Ath(p™,q) = (Atf™ +V-u™1 q), Vg € HE (). (3.55)

The function spaces H} (Q2) and Hp () are the Sobolev spaces of degree 1 with functions that vanish
on I'; and T's respectively. Moreover, the bilinear forms a(-,-) and b(-,-) are given by:

a(u, v) = e / e(w) : e(v) A2+ A / (V-u)(V - v) dO, (3.56)
Q Q
bp,q) = / kVp- Vg dQ. (3.57)
Q
Finally, (-, -) denotes the standard inner product on its respective Sobolev space, and

(t,v)r, = /F T-vdl. (3.58)

To obtain a finite element formulation, the infinite dimensional Sobolev spaces [Hlll(Q)]2 and H} (Q)
are replaced by the finite dimensional ones V}, and @}, respectively. We get the following formulation:

For each m > 1 find u}® € Vj, and p;* € ()}, such that

a(up',v) — (pp',V-v) = (g™, v) + (7™, v)r,, Yo € Vy, (3.59)
(V-ul,q) + Atb(p}, q) = (Atf™ +V-u* 1 q), Yq € Q. (3.60)

In general, the domain 2 will be replaced by an approximate domain 2. All integrations in (3.59) and
(3.60) will be done over €. We derive the Galerkin equations for general basis functions ¢; and ; for u
and p respectively. Let n,,n, be the number of grid nodes for the displacement and pressure respectively.
We define the finite element solutions by

W @) = D )"y, AR @) = D) (), ) =Y ). (36D

The basis functions ¢; and v; form a basis of V;, and Q) respectively, such that they equal 1 in their
corresponding grid node x;. To obtain the Galerkin equations, substitute the finite element solutions
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into (3.54) and (3.55). Furthermore set v = (;,0)" and v = (0,¢;)" fori =1,...,n, in (3.54) and set
g=1; fori=1,...,n, in (3.55). We then obtain a linear system of the form

Sa =DT\ (u™\ _ (g™ 471" 0
(D1 kAtL) <pm) = < At > + <Dum_1> : (3.62)

Where u™ = ((u')™, (u2)m)T and

wf = ((uh)™, ()™, )™) 3.63)
m m m m T
u2 = ((u%) ’(ug) ) w(uqzz“,) ) ’ (3 64)
T
p" = (p?””,p?,m,pZD - (3.65)

Moreover, the matrices .S and D are the block matrices

Su= (5 D= (D' D? (3.66)
sl sw) Pon ), |

where the blocks SY, Si2, S2! and S22 are given element-wise by (2.30)-(2.33). We also write g =

[S2 e

(g, 92)T and T = (7!, T2)T. The remaining blocks and vectors are given element-wise by:

0, 0p; ) )
(Dl)ij = /Q¢L% dQ, (DZ),']‘ = /szai;j dQ, 1€ {1, A ,np}, VS {17 e 7Tlu}. (367)

(gl)i:/ggl%‘ de, (92)12/992%‘ dQ, e {l,...,n.}. (3.68)
D, = [ 71ty dT, Hi= | Treidl, i {l,...,n.}. 3.69
(1) / 0 (+2) / 0 e { } (3.69)
(f)i:/gfﬂii dQ, ie{l,...,n,}. (3.70)

The matrix L is a Laplace matrix:
Q

3.3.1 Linear-Linear Elements

We investigate the monotonicity and stability of the finite element solution for linear-linear elements. To
this end we introduce some helpful notations:

Definition 1. A triangulation T, of € is a set of triangles such that:
U T =: Q) ~ Q.
TeTh

The parameter h is called the meshwidth, which is often defined as

h= max {diam(T)} .

Given a triangulation 7j, we define the following polynomial function spaces on j:

Definition 2. The space of locally polynomial functions of degree k& with respect to the triangulation
Tr is defined by:

P*(Th) = {p € H'(Q4) : VT € Ty, : ¢|r is a polynomial of degree k}. (3.72)

Set Vi, = [PL (Th)] ? and Qn = PL, (Tn), where the subscripts denote part of the boundary on which the
functions vanish. Note that in this case we have n, = n,. In [1], the poroelastic problem (3.47)-(3.48)
with boundary conditions (3.50)-(3.51) is solved numerically on Q = (—4,4)?, using the right-hand side
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functions g = (0,—1)" and f = 0. The stress vector 7 on I'y is set to 0. Furthermore, the boundary
components are given by:

Ty ={(z,y) €T :2z=4ory=4}, Iy =T\Ts.

We set . = Ac = 1000 and vary the parameter k. In figures 3.8 and 3.9 the finite element solutions are
shown after one timestep using a meshwidth of h = 0.2, for k = 10~2 and k = 1078 respectively.

Figure 3.8: 3D-profile of the pressure at ¢ = 0.01 for k = 10~2.
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Figure 3.9: 3D-profile of the pressure at t = 0.01 for k = 10~8.

We observe non-physical oscillations for & = 1078, These oscillations also occur for higher values of k if
the timestep is reduced. These results are similar to the 1D case, where non-physical oscillations occur
due the left-hand side matrix is no longer being an M-matrix for small timesteps. This phenomenon is
a corollary of the fact that no inf-sup condition is satisfied when using linear-linear elements. In [13]
an inf-sup condition is proved for the MINI element. This means that for this particular finite element
discretization, no non-physical oscillations will occur: the solution is stabilized. In the next section, we
will derive this discretization.

3.3.2 Stabilization with MINI Element

A MINI element is a triangular element with four nodes: its vertices and its barycenter. A generic MINI
element is shown in Figure 3.10.
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Figure 3.10: Nodes of a MINI element, where x; is the barycenter of T'

On this element, there are four basis functions; the linear barycentric coordinate functions that correspond
to a vertex, and a qubic ‘bubble function’ that corresponds to the barycenter.

Definition 3. Let T € T, be a triangular element. Let A1, A2, A3 denote the barycentric coordinates of
T, viewed as functions of position € T'. Then the bubble function @y 1 is defined as:

©b,T = 27)\1 )\2)\3. (373)
The space of bubble functions w.r.t the triangulation 7}, is given by
B(7x) = Span{ppr : T € Tp} . (3.74)

The function ¢ 7 is called a bubble function because it vanishes on the edges of T and it is equal to 1
at the barycenter of 1. We use a superscripts to denote function spaces of vector-valued functions. For

example, when we write u € [PF (77L)]2, then in fact we mean u = (u',u?) with u!,u? € P*(T3,).

Theorem 4. Let a(-,-) be bilinear form as defined in (3.56). Furthermore, let wy, vy € []P’l(Th)]2 and
wy, vy € [B(Th)]%, then
a(ug + up, vy + vp) = a(we, ve) + a(up, vp).

Proof. Note that it suffices to show that a(wug,vy) = 0 and a(up,ve) = 0. Since a(-,-) is symmetric, only
one of these equalities has to be proved. From its definition, it is clear that a(we,vp) is a weighted sum
of integrals of the form .

ouly vy

Q
Q, 074 0 d

)

where 4, j, «, 8 € {1,2}. We split this integral into integrals over every triangle T' € Tp,:

ou Bvb / duy 6vb
Q, 0Ta 013 da T;_ 0xq 8955

We will use the integration by parts formula combined with Gauss’ divergence theorem:

/S(V-F)dQ: §(n-F)dF—/V§-FdQ.
T T

aT
For B=11let F = (vg, 0), and for 8 =2 let F = (O,vi). Moreover, let £ = du)/0z,. Then by the above

formula we get

oup ov) [ Qv gl T — Ol

J

= vy d€2.
T 0o Oz a1 0% r 0rg0Ts °
Since vg is a bubble function it vanishes on the boundary OT. Thus the first integral equals zero.
Furthermore, since uj, is linear on 7" all its second derivatives vanish. Therefore the second integral also

equals zero. We conclude that on each triangle T' the above integral vanishes, and thus a(us,vy) =0. O

To stabilize the solution we set Vi, = [P!(T,) & B(Eﬂ? and Qp = P'(7,). By Theorem 4 we obtain a
system of the form:

Sy 0 =D\ [ur 0 0 0\ [u] ek
0 Sq -DT||wum]=(0 0 Oof[uw?t]+|[gm+rm (3.75)
Dy, D kAtL) \p™ D, D 0) \pm! Atfm
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Note that there is no vector 7, because it would involve boundary integrals of bubble functions, which
vanish. Also note that there are just as many ‘bubble-unknowns’ as there are triangles in the triangulation.
We denote this number by nr. Let n denote the number of P!-unknowns, which corresponds to the number
of nodes in the triangulation. Then S, is a 2np X 2nr matrix that can be subdivided into four blocks
like in (3.66). Moreover Dy is a n x 2nr matrix. The per-element contributions of the newly introduced
bubble matrices and vectors can be found in Section A.3.

Elimination of Bubbles
Instead of solving (3.75), one can eliminate the bubble equations to obtain a smaller system.

Theorem 5. If (Uzn,um,pm)—r solves (3.75), then (u™,p™) " solves:
Sel -DT u™\ (0 0 [um! gr+Tm
(D kaiL+ ) \pm) “\0 ) \p ) T\atgm Bylgy - g h)) (8.76)

Cy = DyS, ' Dy , By = DS, b (3.77)

where

Proof. Note that we can rewrite the first block-equation of (3.75) to:
Syul = Df p™ + gi".
And thus
Dyup® = DyS, ' Syup = DyS; ' D) p™ + DS, g™
= Cpyp™ + Brgy".

We will later give an explicit expression for S ! Substituting the above expression into the third block-
equation of (3.75) yields:

Du™ + (WAL + Cy)p™ = Du™) + Cop™ L + ALF™ — By(gi" — gi' ).
Thus, we have eliminated the first block-equation and obtain the system in (3.76). 0

We give an explicit expression for S, 1 We have already seen that Sy consists of four diagonal blocks.
From (A.37) and (A.38) it is evident that S{? = S?'. In other words S, is symmetric. We have the
following Lemma:

Lemma 4. Let Sy, be the matriz as defined by (A.36)-(A.39), and let

A = SPSE — (SE3)2. (3.78)
If A is invertible, then
_ A"t 0 S22 —s)2
Syt = ( ~ > ( b G > 3.79
b 0 A 1 _552 Sgl ( )

Proof. Note that since all blocks are diagonal and have the same dimensions, they all commute.
= () (R )@ D)
0 A =S, Sy Sye S

(AT 00 (Si1SE - (547 0
0 A 0 SHLS - (S)2)2

O

Note that we need A to be invertible. In practice we find that this is always the case, but we have yet to
prove this fact.



3.3 Poroelasticity on a Fixed Domain 41

3.3.3 Diffusive Stabilization

A different method used to stabilize the system is to introduce a small diffusive pertubation to the flow
equation, similar to the one-dimensional case. In [1] it is shown that on a uniform grid the perturbed

flow equation is given by:
0 0
VS = Ve (kVD) = £+ Bh o (V) (3.80)

Note that 8 is a tuning parameter. In [1] it is shown that in the one-dimensional case the optimal value
of B is given by
1

4(Ae + pe) '
Numerical experiments show that this value is also optimal in 2D on a uniform grid [1, Figure 5]. Note
that an error of order h? is introduced as a result of the added pertubation in (3.80). Since the finite
element error is already of order h? when using linear-linear elements, the effect of the pertubation will
be minimal. Discretization on a uniform grid using linear-linear elements and applying implicit Euler
yields a system of the form

S -D7 um 0 0 um! g 4T
(D (kAt—i—ﬁhQ)L) (pm> - (D Bh2L> (pm1> + ( Atfm ) : (3.82)

Here L is a Laplace matrix:

B = (3.81)

Lij= [ V-V, dQ. (3.83)
Qn
The stabilization term B8h%L can be generalized to non-uniform grids by replacing it with the matrix C,
given by:
(Cs)ij =B h%/ Vi« Vip; d€Q. (3.84)

TeT T

Here 7 is a (non-uniform) triangulation of 2, and hy denotes the diameter of a triangle T'. System (3.82)

is then given by
S _DT u™ B 0 0 um—l gm +m
(D kAtL + CS> (p”L> B (D Cs> <pm—1> + ( Atjnn . (385)
Note that if 7 is uniform, we again obtain Cy = Sh2L.

3.3.4 Comparison Between Bubble- and Diffusive Stabilization

We test both bubble stabilization (3.76) and diffusive stabilization (3.85) and compare the corresponding
finite element solutions for p to the case where no stabilization is applied. To this end we solve equations
(3.47)-(3.48) on Q = (0,1)2. We set g = (0,—1)"T and f = 0. Concerning the boundary conditions
(3.50)-(3.51), we let T’y = {(x,y) : « = 0,y € [0,1]} and T'; = 90\ I's. The stress vector T on Iy is set to
0. The parameter k is made small to cause oscillations in the non-stabilized solution: we set k = 10~8.
To ensure only small deformations occur, the Lamé constants are set to p. = A = 1000. A uniform
triangulation is used with 21 grid nodes in each coordinate direction. Thus the meshwidth is equal to
h = 0.05v/2. A timestep of At = 1072 is used.

Figures 3.11, 3.12 and 3.13 show the finite element solutions for p using respectively no stabilization,
bubble stabilization and diffusive stabilization. That is, in Figure 3.11 the system in (3.62) is solved, in
Figure 3.12 the system in (3.76) is solved, and in Figure 3.13 the system in (3.85) is solved.
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No Stabilization

Figure 3.11: Finite element solution for p after one timestep of size At = 1072, using linear-linear elements.

Bubble Stabilization

Figure 3.12: Finite element solution for p after one timestep of size At = 10~2, using linear-linear elements and bubble
stabilization.

Diffusive Stabilization

Figure 3.13: Finite element solution for p after one timestep of size At = 1072, using linear-linear elements and diffusive
stabilization.

It is clear that diffusive stabilization does its job well; the solution is completely smooth. More interesting
is the behaviour of the bubble stabilization. In the interior of the domain the solution is smooth, but
some oscillations occur near the boundary.
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3.4 Visco-Poroelasticity on a Deforming Domain
The visco-poroelastic system is given by the following two equations:

p (ll);t] + (V- v)v) —V.o(u,v,p)=g on Q(t), (3.86)

Vev—-V-:(kVp)=f on Q(t). (3.87)

The domain (t) again depends on the displacement vector w at time ¢. Furthermore, v is the material
derivative of u. We impose the following boundary conditions:

u=0, kVp-n=0, on I' (¢), (3.88)
o-n=1, p=0, on I'y(t), (3.89)

The stress tensor is given by
o(u,v,p) =oq(u) + oyis(v) — pl, (3.90)

where the elastic and viscous parts are given respectively by (2.38) and (2.39).

3.4.1 Derivation of System of Equations

We derive the weak formulations of (3.86) and (3.87). Let ¢(+,t) be a Lagrangian test field on Q(¢) that
vanishes on I'y (¢). The weak form of equation (3.86) is given by:

d
o5 [ veedns [ owo)ie)da- [ (Ve a0
dt Jaw Q(t) Q(t)

:/ g-(de—i—/ T-dl. (3.91)
Q(t) Ta(t)

We have used Theorem 3 to simplify the first term of (3.86). Let t(-,t) be a scalar-valued test field on
Q(t) that vanished on I'y(¢). Then the weak form of equation (3.87) is given by:

/ (V-v)y dQ + / kVp-Vi dQ = fy dQ. (3.92)
Q(t) Q(t) Q(t)

Let 75, (t) be a triangulation of the approximate domain €2, (t). We use linear basis functions with respect

to the triangles in 7, (t) for u, v and p. We then obtain the following Galerkin equations corresponding
to the weak forms (3.91) and (3.92):

d
P (M) + Seu + Syisv — D 'p = g, (3.93)
Dv+kLp = f. (3.94)

Note that u, v and p now denote numerical vectors containing the values of their corresponding unknowns
in the grid points of Ty (t). Moreover, the vector g contains both the domain and boundary integral in
the right-hand side of (3.91). We write u = (u',u?)" and v = (v!,v?) T, then the matrices M,, Sc1, Syis
and D can be subdivided into blocks:
M 0 Sl g2 Sil gl2
M'u _ , Sel — ( el el , Svis — vis vis ; D= Dl D2 . 3.95
( 0 M) Se211 Se212 521 522 ( ) ( )

vis vis

For component-wise definitions of the Se and Syis blocks, we refer to 2.3.4. The divergence blocks are
given by (3.67). The matrix L is a Laplacian matrix, it is given by (3.71). Finally the mass matrix M is
given element-wise by:

M, =/ pip; A2, (3.96)
o)

where ¢; is a basis function corresponding to the i’th grid point in 75 (t). We discretize equations (3.93)
and (3.94) in time using implicit Euler:

pMT 0™ + ALSTu™ + ALSTL o™ — AL(D™)Tp™ = pM o™ 4 Atg™ (3.97)

D™ + EL™p™ = f™. (3.98)
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The superscript (-)™ denotes a time-level. Note that the coefficient matrices also depend on time because
their entries are integrations over the current domain. To eliminate u™ from the system we substitute

u™ =u"" + Ato™, (3.99)

into (3.97) to obtain:
(pM]" + AtSTL + A2ST) v™ — A(D™) T p™ = pM" o™ — AtSTu™ ! 4 Atg™ (3.100)
Dmy™ + EL™p™ = f™. (3.101)

In block matrix form we get:

<pM;,n +AESTL + A28 —At(Dm)T> (w) B (ngnl 0) <vm1>

pDm kL™ pm 0 0 pmfl

+ <At (9" _figfuml)) . (3.102)

The above system must be solved using a Picard-type iterative scheme. We use the following convergence

criterion:

ZH +1 £||

Ip
o] |p?]|

Here ¢ does not denote a time-level, but a sub-iteration within one timestep. We find that choosing ¢
between between 10~* and 10~® produces good results, depending on the meshwidth.

p

<. (3.103)

3.4.2 Stabilization

We observe oscillations in the pressure solution for small values of k. We investigate what is causing this
behaviour. Write system (3.102) in the following abbreviated form:

(g _AktLDT> <z> - (Z) (3.104)

Here we have dropped the time-level superscripts and called the right-hand side vectors a and b respec-
tively. Moreover, Q = pM, + AtSyis + At2S.1. Rearrange the first equation to

v=AtQ 'D"p+Q la. (3.105)
Substitute this expression into the second equation to find
(kL + AtDQ™'DT)p =b— DQ 'a. (3.106)

As the oscillations occur for small values of k, it appears that the matrix A¢DQ~'DT has unfavorable
properties. Note that the oscillations can also be fixed by reducing At. This solution quickly becomes
computationally unfeasible due the high number of time steps necessary. In Chapter 4 we construct a
diffusive stabilization scheme that is optimal in a certain sense.

3.4.3 Numerical Experiments

We test the model in a similar situation to the one in section 2.3.6. Let (0) = (0,1)? and set I';(0) =
{(z,y) : = 0}. Then from boundary condition (3.89) it is clear that I'y(¢) = I'1(0) for all ¢ > 0.
Furtermore, we let Ta(t) = 9(¢) \ T'1(¢). The body force is set to g = (0, —0.1)T, the pressure source is
set to zero: f = 0, and the force on I'y(t) is also set to zero: 7 = 0. The following parameter values are
used:

p=1, M=pe= \=p,=1, k=1072 (3.107)

We use a meshwidth of A = 0.1 and a timestep of At = 0.05. Figures 3.14a - 3.14d show the displacement
and pressure solution at various timesteps. Note that the pressure is shown as a contour plot superimposed
on the displaced mesh. The initial mesh is shown for reference in red.
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. (a) F;nite eiementl solutilons atl t=1.0.
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(c) Finite element solutions at t = 4.0.
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(d) Finite element solutions at ¢t = 8.0.

Figure 3.14: Plots showing the finite element solution at various points in time.
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Note that the mesh displacement looks very similar to those in Figures 2.6a - 2.6d. This is due to a
relatively high values of k: the pressure does not have a big effect on the displacement (velocity). Figure
3.15 shows the finite element solutions at ¢ = 8 for a lower value k = 10, whereas the other parameters
are kept constant. Compared to Figures 3.14d and 2.6d, we can see a small difference in displacement.
Note that lowering the value of k even further will result in more severe oscillations. They can already
be seen forming near the top and bottom left corners.
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t=8.0
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Figure 3.15: Finite element solutions at t = 8 for k = 10~°

3.5 Comparison Between Viscoelastic and Visco-Poroelastic Mod-
els

We compare the behaviour of the visco-poroelastic model from Section 3.4 to the viscoelastic model from
Section 2.3. We again apply the body force

gla,t) = (0'281n(7ré)1[°’1] (t)> (3.108)

to the unite square like in Section 2.5. The mass source function f is set to zero, and the following
mechanical parameters are used:

fe=X=1, py=2X =05 p=05. (3.109)

We use the (initially) uniform finite element mesh from Figure 2.10 and a timestep of size At = 0.05.
Figures 3.16a and 3.16b show the maximum width and minimum height of the domain respectively as
functions of time. Two different values of k are used. For k = 107°, the stabilized model is used. One
can clearly see that the inclusion of poroelasticity has an effect on the evolution of the domain. This
effect is more pronounced for smaller values of k.

Max. Width Min. Height
1.04- —— Visco 1.00 1
' —— Poro (k=0.1)
—== Poro (k=1e - 05) i
1.03 A 0.99
1.02 A 0.98 ~
1.01 1 0.97 A —— Visco
—— Poro (k=0.1)

1.00 -—- Poro (k=1e-05)

T T T T T T 0.96 L T T T T T T

0 1 2 3 4 5 0 1 2 3 4 5

(a) Maximum width of domain. (b) Minimum height of domain.

Figure 3.16: Maximum domain width and mimimum domain height as a function of time for two visco-poroelastic models
compared to the viscoelastic model.

We give an intuitive explanation from a physical point of view for the effect of k on the solution. Recall
that k is the quotient of the permeability of the medium and the dynamic viscosity of the poro-fluid. If



3.5 Comparison Between Viscoelastic and Visco-Poroelastic Models 47

k is large, then either the medium is very permeable of the fluid has a low viscosity. In both cases, the
fluid is able to move relatively freely. Thus, whenever the medium is deformed, the fluid will quickly
adapt to the new situation. On the other hand, if k is small, either the permeability is low or the fluid
has a high viscosity. In this case the fluid has more trouble to move through the medium, hence it will
react slower to deformations. This inability of the poro-fluid to adapt to the new situation causes it have
a more pronounced effect on the displacement.
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Part 11



Morpho-Poroelasticity and Analysis of
Stabilized Finite Element Methods

In this chapter we present new work. We first analyze the properties of diffusive stabilization applied
to poroelastic systems. The aim is to give a rigorous derivation of the optimal tuning parameter (.
This derivation is performed in Sections 4.2, 4.3 and 4.4 for a one-dimensional visco-poroelastic system.
For a two- or higher dimensional systems, the computations become too hard to do exactly. For this
reason, the result obtained in the one-dimensional case is ‘extrapolated’ to higher dimensional poroelastic
systems. The second part of this chapter contains the construction of a finite element model for a morpho-
poroelastic system. Diffusive stabilization from earlier sections is also applied to this model, since the
problematic equation has a very similar structure.

4.1 Stabilizing Poroelastic Systems

For small k, the visco- poroelastic system as presented in (3.102), as well as the morpho-poroelastic
system (4.76) will start to show non-physical oscillations in the pressure solution. To eliminate them a
diffusive stabilization term can be added to the pressure equation, such as we have done for the poroelastic
system in Section 3.3.3. Note that in both the visco-poroelastic and morpho-poroelastic systems the last
equation in the fully discretized system is given by

D™ 4 kLMp™ = f. (4.1)

As we have seen in Section 3.3.3, the idea is to introduce a small diffusive pertubation. This causes the
solution to remain smooth. It is possible to only add this pertubation to the left-hand side of (4.1),
effectively increasing k. Equation (4.1) is then replaced by

D™ + (k+ B)Lmp™ = f™. (4.2)

Another option would be to add a pertubation to both sides, thereby approximating some kind of time
derivative of the Laplacian of p. In this case, equation (4.1) becomes

Dm,vm + (k + ﬁ)mem — fm + 5Lm—1pm—1. (43)

Both (4.2) and (4.3) will have a similar effect on the stability of the solution, since that is determined
by the matrix (k + 8)L. The two approaches differ from each other in the right-hand side, and therefore
will lead to different errors compared to (4.1). To gain insight in the error, we determine the differential
equations corresponding to (4.2) and (4.3). Recall that (4.1) is the discretized version of the differential
equation

Vev—kVip =1 (4.4)

Thus, we can immediately tell that (4.2) discretizes the following perturbed differential equation:
V.v—kV?p = f+ BV?p. (4.5)

The corresponding differential equation of (4.3) is less obvious. See the following theorem:
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Theorem 6. Assume that v and p satisfy

D(V?p)

v —kVZip = A A )
V-v—kVp=f+ tﬁ( ol

V0T (1.6
Then the corresponding finite element solution vectors v™ and p™ satisfy (4.3), provided Lagrangian basis
functions are used and the time discretization is done using implicit Euler.

Proof. Assume we have homogeneous boundary conditions on p, such as in (3.88)-(3.89). Let ¢ be a
Lagrangian basis function. Then the weak form of (4.6) is given by

D 2
/ (V-v)g dQ+/ kVp-VqdQ = / fq dQ+At6/ (M—F(V-v)(vzp)) g dQ.
Q) Q) Q) Q) Dt

The last term can be simplified using Theorem 3:
d
/ (V-v)qgdQ+ / kVp-VqdQ = / fqdQ + Atf— (V?p)q dS2.
Q) Q) Qt) dt Jaw
By applied partial integration once more, we obtain
d
/ (V-v)q dQ—I—/ kVp-VqdQ = fqu—Atﬁ—/ Vp-VqdQ.
Q) Q) Q) dt Jo

By computing the Galerkin equations, the semi-discretized system is obtained:

d
Dv+klp=f— AtB&(Lp),
where D is the divergence matrix and L is the Laplacian matrix. Applying implicit Euler yields
D™Mp™ + kmem _ fm _ ﬂ (mem _ Lm—lpm—l) )
Equation (4.3) is obtained by rearranging terms. O

To summarize, we have found that adding a one-sided stabilization to the fully discretized system such as
in (4.2) is equivalent to solving (4.5) using finite elements. Similarly, adding the two-sided stabilization
such as in (4.3) amounts to solving (4.6). Assume the system converges to a steady state, thus v — 0 as
t — co. Then the stationary pressure equations corresponding to both (4.4) and (4.6) become

—kV?p=f. (4.7)

Whereas for (4.5) it becomes
—(k+B)V?p=[. (4.8)

Based on this, we argue that a two-sided stabilization is the way to go.

4.2 Analysis of One-Dimensional Visco-Poroelastic System

In both (4.2) and (4.3) the stability of the solution is affected by the tuning parameter 5. If 8 is too
small the solution will still contain oscillations. On the other hand, if 8 is too big the solution will be
excessively smoothened, leading to a large error. In the following sections we derive an optimal tuning
parameter 3 for a one-dimensional visco-poroelastic system on a fixed, uniform grid. This optimal choice
of § is valid in the limit of h — 0, where h is the meshwidth. In this framework system (3.102) becomes

(va + (At(py + Ao) + AL (pe + Ae)) Ly —AtDT) (w) _ (qu, o) (vml)

D kL, p™ 0 0)\pm!

+ (At(gm }ﬁ”“m_1)> . (4.9)

where S5 is replaced with (p, + Ay) L, and Se with (ue + X)L, where L, is a Laplace matrix encor-
porating the boundary conditions imposed on v. We define

0 = At(py + Ny) + At?(ue + ), and A= pM, + 0L,,. (4.10)
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By isolating v™ in the first equation of (4.9) and substituting the result into the second, we obtain the
following evolution equation for p™:

(kL, + AtDA™'DT) p™ = f™ — pDA™'M,v™ "' + AtDA™! (Lyu™ ' —g™) . (4.11)

Let C = DA™'DT, then the coefficient matrix kLp+AtC is important: it causes the notorious oscillations
in p. From numerical tests we know that oscillations only occur for small values of k. Since L, is an
M-matrix, the matrix AtDA~1DT must be the cause of the oscillations. Equation (4.11) shows that the
effect of the problematic matrix can be reduced by decreasing At. Numerical tests show that the system
is again stable if we have At < k whenever k is small. In this section the matrix C is approximated.
With this approximation an approximate optimal tuning parameter 8 can be determined.

4.3 Approximating the Inverse of the Discrete Reaction-Laplacian
Operator

The inverse of A is approximated for a certain set of boundary conditions. To this end, we consider a
related boundary value problem with a delta function as source. This problem can be solved exactly but
also using finite elements. By using the latter method we encounter simplified versions of the matrices
M, and L,. Comparing the exact solution to the finite element solution allows us to approximate A~!.
Consider the following reaction-Laplacian equation and corresponding boundary conditions:

pu—0u" =6(z—a), ze€l0,1] (4.12)
u'(0) =0, (4.13)
u(1) =0, (4.14)

where 0(-) denotes the Dirac delta-function, and « € [0,1). Moreover, the parameters p and 6 are strictly
positive. Using the Laplace transform, the following exact (weak) solution is obtained:

u(z) = 1 [sinh A1 —a))
Vo cosh ()
A sinh(A(1 — @)) cosh(A\x), z <«
~ peosh(\) {sinh(A(l —1))cosh(ha), z>a’

cosh (A\x) — H(z — a) sinh (A(z — «))
(4.15)

where A = y/p/6. Note that (4.15) is not a classical solution, since it is not twice continuously differen-
tiable on (0,1). Figure 4.1 shows a plot of this solution for certain values of a, p and 6.

1

0.8 | 1

0.6 |- |

0.4} B

€T

Figure 4.1: Plot of exact solution as given in (4.15) for « = 0.6 and p =6 = 1.

4.3.1 Existence and Uniqueness of Weak Solution to Reaction-Laplacian Equa-
tion
We prove that a solution to the reaction-Laplacian problem (4.12)-(4.14) exists in the weak sense. Define

the function space
Hy(0,1) = {f € H'(0,1) : f(1) = 0}, (4.16)
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which inherits its norm from H(0,1):

1
17120 = 1122 + 1] = / P+ (f)? da.
0

The weak form corresponding to problem (4.12)-(4.14) is given by:

Find v € H}(0, 1) such that for all v € Hg(0,1) we have:
a(u, v) = da(v),

where

1
a(u,v) = / puv + 0u'v' dz, and 4 (v) = v(a).
0

(4.17)

(4.18)

To show that a solution can be obtained using the finite element method, it must first be shown that the

weak form (4.17) has a unique solution. This is summarized in the following theorem:

Theorem 7. There exists a unique u € H}(0,1) that satisfies
a(u,v) = dq(v)

for all v € H{(0,1), where a(-,-) and 6,(+) are given in (4.18).

Proof. The statement can be proved using the Lax-Milgram theorem. First, the necessary conditions on

a are proved. Note that we view a(-,-) as the bilinear form
a:Hj(0,1) x H3(0,1) — R.
It is clear from its definition that a is symmetric. Furthermore,

e a is bounded (and hence continuous). Indeed:

1
la(u,v)| = / puv + 0u'v' da
0

1 1
<p | |uv|dz+ 9/ |u'v'| dz
0 0

gp\//olu2 dz\//olqﬂ dx+9\//01(u’)2 dx\//ol(v’)Q da

= pllullzzllvllz + Ollu'l| L2 [[v']| 2
< (p+ 0wl folla

In the third step the Cauchy-Schwarz inequality is applied.

e q is coercive:

1
a(u,u) = / pu® +0(u')? dz
0
= pllullf> + 0ll/1Z-
> min{p, 0} (|lullZ> + u']172)

= min{p, O} ||u||%:.

In order for Lax-Milgram to be applicable, the right-hand side of (4.17) must be continuous. Note that
we view d,(-) as a functional acting on H}(0,1). Before continuity is proved, the issue of §, being
well-defined must be addressed. After all, since v € H}(0,1) C L?(0, 1), pointwise evaluation of v is not
defined. Let (a,b) be a real interval, then we have the inclusion® H'(a,b) C AC(a,b), where AC(a,b) is
the set of absolutely continuous functions on (a,b). A proof of this fact is provided in [2]. A well known

1The inclusion holds almost everywhere: for each f € H'(a,b) there is an }VG AC(a,b) such that f = ]’”Va.e.
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property of absolutely continuous functions is that the fundamental theorem of integration holds [9]. Let
f € AC(a,b), then for x € (a,b):

@) = o)+ [ Cr a,

where f’ is a weak derivative of f. We can now prove the continuity of d,. It suffices to show d, is
bounded due to its linearity. Let u € Hg(0,1), then we have

To eliminate «(0), note that u(1) = 0, and therefore:

1
u(0) —|—/ o dzr =0.
0

a 1 1 1
/ v dz — / u dx / v dx| < / |u'| da
0 0 ot o

Apply the Cauchy-Schwarz inequality:
1 1
/ [o/| dz < V1 —« / (u')2 dx

<m1//01(u’)2da:

=V1-—a ]
SVI-—allulm

Which completes the proof of the boundedness of d,. All conditions of the Lax-Milgram theorem are
met, thus problem (4.17) has a unique solution. O

It follows that:

|00 (u)] =

4.3.2 Error Analysis

In finite elements, the solution- and test space (which are equal in our case) are replaced by finite
dimensional spaces. Let V = H}(0,1) be the original test space, and let V}, be a finite dimensional
subspace of V. Note that V} will be specified later on. In the remainder of this section, we derive the
L?-error of the finite element solution. Assume that u € V satisfies

a(u,v) = dq(v), Yv eV, (4.19)

and uj € V), satisfies
a(uh, vp) = (5a(vh), Yy, € V. (4.20)

It follows from the proof of Theorem 7 that a(-,-) defines an inner product on V. We say that v,w € V
are a-orthogonal if a(v, w) = 0. Note that the finite element error u — uy, is a-orthogonal to the test space
Vi:

a(u —up,vy) =0, Yoy, € V. (4.21)

Indeed:

a(u — up,vp) = a(u,vp) — alup, vy)
= 5a(vh) - 6a(vh) =0

Before the L? norm of the error can be computed, its energy norm is analyzed.

Definition 4. The a-induced energy norm is defined by:
ullz = a(u, u) (4.22)

We have the following well-known result:
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Lemma 5 (Céa). Let u € V and up, € V3, satisfy (4.19) and (4.20) respectively. Then:
lu — unlle < |lu— villa, Yop, € V. (4.23)

Proof. Let vy, € Vj, be arbitrary. The proof follows from the a-orthogonality property of u — up:

lu = un |z = a(u = un, u — up)
=a(u — up,u — vy + vy — up)
=a(u — up,u —vp) + alu — up, up — vp)
= a(u — up,u — vp)

We have used the fact that vy, — up, € Vj,. In the last step, the Cauchy-Schwarz inequality is applied.
Dividing both sides by ||u — up||, yields the desired inequality. O

Céa’s Lemma tells us that uj, is the best approximation to u in the energy norm. It also allows for an
error bound in the H!-norm:

Corollary 1. Let uw € V and vy, € V}, satisfy (4.19) and (4.20) respectively. Then:

0
o — | < Mm lu—onllm, Vo € Vi (4.24)

Proof. Let v, € V}, be arbitrary. Using the coercivity and boundedness property of a (see the proof of
Theorem 7), and Céa’s Lemma, we have:

= a(u — vp,u — vp)

< (p+0)|u—valfn-
Rearrange terms and take the square root on both sides to obtain the desired inequality. O

Céa’s Lemma and its corollary tell us that that the finite element solution wy, is the ‘best’ in some sense.
We can exploit this property by constructing a function in V}, that approximates u really well. By Céa’s
Lemma, uj, will be an even better approximation (in the energy norm). We will use Lagrangian linear
interpolation polynomials.

Lemma 6 (Linear Interpolation). Let T, be a mesh on (0,1), that is:

T =A{T; = (x4, xiv1) | i € {1,...,n}}, such that U T; = (0,1).
i=1
Let w € H'(0,1) such that for each T € Ty, we have w € C?(T) and w! is bounded on T. Here we

use the following shorthand: w; = w|r,. Let mpw be the piecewise linear interpolant of w such that
mrw(z;) = w(x;) for each grid point x;. Then there exists some ¢ > 0 such that:

H’LU - 7rhu}||H1 < CKha

where
h = max |T;],
3

and

K = max{K;}, for  K;=sup {w]()*}. (4.25)
? z€eT;
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Proof. Define the interpolation error e(z) = w(x) — mpw(z). Consider the element T; = (x;, z;41). Since
e(x;) = e(xiy1) = 0, by Rolle’s theorem there is a £ € T; such that €¢/(§) = 0. Taking into account that
(mpw)"’(x) = 0 on T;, we get:

(@) = ¢ () — ¢(€) = /)E ¢(t) dt = /)E Wl (8) dt.

By the Cauchy-Schwarz inequality we find for = € T;:

¢(2)] < / ()] dt < / ! (8)] dt < /[T / w!(H)? dt.
6 Ti TL'
It follows that
1
/2, = / ¢ (2)? dx

0

= / ¢ (x)? da
i YT

< |Tz\/ wl (t)? dt dx

=YomE [ i) a
i T;

< max |T; |2 Z/ w! (t)? dt
3 P TZ

To eliminate the sum in the right-hand side, note that

Y(t)? dt < i dt < / dt = K.
Z:/Tiw’(t) t<;/TiK t<zi: TiKt K

And thus we get:
/32 < Kh2.

The L?-norm of e can be computed in a similar fashion. Note that for = € Tj:

e(z) = e(z) — e(w:) = / o) a

i

And thus by Cauchy-Schwarz:

\e(x)|</ \e’(t)|dt</ e'(8)] dt < /T3] /e’(t)2 dt.
T; T; T;
It follows that:

1
lelfs = | ew)? do

0
= / e(z)? dz
i U
< \E|/ e (t)? dt dx
ALY
1
< h2/ e (t)? dt
0
= h?||e'||7> < Kh*.
Having computed both the L?-norm of e and €/, the H' can now be determined:

lellzr = llellz> + lle'll72 < (h* + h?)K.
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Note that in our case h < 1, and thus h* + h% < 2h2. Let ¢ = \/5, then we conclude that

llell g < eKh.
O
Note that our bilinear form a(-,-) is uniformly elliptic. Assume w satisfies
a(w,v) =(f,v), VeV, (4.26)
for some f € L?(0,1). Then by the uniform ellipticity of a, we have w € H?(0,1) and
wlaz < el fllre- (4.27)
Since w € H?(0,1) the proof of Lemma 6 can be slightly adapted to obtain
lw = mpwllm < erhfw”| e
From which it follows that
lw = mrwllm < erhlw|lze < csbllwlie < cshllf 2. (4.28)

Note that the constants c1, ¢ and c¢3 do not depend on h. This leads us to the following theorem.

Theorem 8 (L?-error of FE-solution). Let T;, be a mesh on (0,1) such that a coincides with a grid node.
Let Vi, CV = H}(0,1) be the space of piecewise linear functions w.r.t. Tp. Assume u € V is the solution
to (4.19), then u is also given by (4.15). Let up € Vj, satisfy the finite element problem (4.20), then:

lu —upl|z2 < cKh? (4.29)
for some ¢ > 0, where h = maxryer, |T| and K is given by (4.25) for w = u.

Proof. We use Nitsche’s trick to prove the error bound. To this end, the dual problem is introduced.
Assume ¢ € V satisfies
a(e,v) = (u—up,v), Yo e V.

Where a is the same bilinear form as in (4.19) and (-,-) denotes the L? inner product. Let 7, € Vj, be
the linear interpolant of ¢ such that m,p(x;) = w(x;) for each grid node z;. Then, by the definition of
the dual problem and the a-orthogonality of u — uy to V4, we have

lu —unlltz = (u—un,u—up)
= a(p,u — up)
=a(p — Thp,u—up)
<l = mrellallu = unla-

In the last step, we have applied Cauchy-Schwarz. In the proof of Corollary 1 it is shown that the energy
norm is bounded by a constant times the H'-norm. Then by (4.28) we get:

o = mnella < crlle = mapllm < cahll@”||Le < eshllu — upl|Lz2.

The reason that ||u — up|| L2 appears is because it is the right-hand side of the dual problem solved by ¢.
By Céa’s Lemma 5 we know that ||u — upl||e < ||u — Thulle, where mpu is the linear interpolant of u w.r.t.
Trh- Because we let a coincide with a grid node of 7p, u meets the conditions of Lemma 6. Thus we get
the following inequality:

llu —uplla < JJu— mhulle < ca|lu — Thpullgr < esKh.

To summarize, we have found
lu—un|z> < cKh?|lu—up|z2.

Where ¢ = c3c5. Divide both sides by ||u — up||z2 to obtain the desired error bound. O
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4.3.3 Computing the Pseudo-Inverse
The inverse of the matrix A is approximated. We first build the Galerkin equations corresponding to the
finite element formulation of the reaction-Laplacian problem. We will see that the resulting coefficient
matrix is very similar to the one in (4.10). Using the error analysis of the previous section, we can
construct an approximate inverse to A that is order h%/2 accurate per entry. Let 75, be a uniform mesh
on (0,1):

Tn = {(LL'Z',.’L'Z'Jrl) | 1€ {0,...,77/—1}}7 (430)

where x; = ih and h = 1/n. We write z; = ih. Note that the unknowns are located at xo, z1, ..., Tp_1,
but not at x, = 1 as a Dirichlet boundary condition is imposed here. The unknowns are denoted by
U, U1, - - . , Uy_1 respectively. In order for the error analysis of the previous section to be valid, we assume
« coincides with one of the grid nodes. Say o = x;, for some i, € {0,...,n — 1}. The finite element
scheme amounts to solving the linear system

Au=ce; . (4.31)

where A = pM + L. Moreover, u = (ug, ug, .. . ,un_l)T is the vector containing the unknowns and e;_
is the standard basis vector? containing a 1 in its 4,’th position. The Laplace matrix L and the mass
matrix M are given by

L=— M=— . 4.32
. N (4.32)

Note that M and L correspond to M, and L, in (4.9) respectively. They are equal whenever the boundary
conditions imposed on v are the same as in (4.13)-(4.14). We let 4, cycle through every posible index to
obtain the n different linear systems

Au; = e, i€{0,...,n—1}. (4.33)
It follows that
Thus, w; is the i’th column of A~!. Note that A is symmetric, hence A~! is also symmetric. Let u;(x

be the exact solution given by (4.15) where we choose o = z;. Since (u;); is an approximation of u;(z;)
we get

u; = A_lei. (434)

Al = AL = (w); = i), i,7€{0,...,n—1}. (4.35)

We define A~1 to be the following pseudo-inverse of A:

21;],1 = uy(x;) = i,5€{0,...,n—1}. (4.36)

A sinh(A(1 — z;)) cosh(Azj), j <1
pcosh(A) |sinh(A(1 — ;) cosh(Az;), j >’

Using one of the product identities for hyperbolic trigonometric functions, we can expand El_?l to

~ A {sinh(/\(l — i +x;)) +sinh(A(1 — z; —x;)), Jj<i (4.37)

A.. = — .
7 2pcosh()) | sinh(A(1 + z; — x;)) + sinh(A(1 — z; — xj)), j>i

Lemma 7. Let Ty, be a uniform grid such as in (4.30), and let o equal one of the grid nodes: o = x;_.
Assume that uyp is the finite element solution satisfying (4.20), and that u is the exact solution given by
(4.15) for a = x;_. Then for each i € {0,...,n — 1} we have

lu(z;) — up(z;)] < ch3/?

for some ¢ > 0 independent of h.

2Here we use the slightly unconventional notation eg = (1,0,...,0)T, e; = (0,1,0,...,0)T, etc.
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Proof. Let T; = (x;,x;+1) and define the error function e;(x) = |u(x) — up(z)| on T;. We claim that
e; € C?(T;) with second derivative e/ (z) = |u/(x)|, where u; = ul|r,. Indeed, note that u satisfies the
differential equation

pu—60u” =0
on T;. Thus we find
v = gu

From expression (4.15) it can be deduced that u is non-negative and C? on each open interval not
containing . Therefore, u! is non-negative and C? on T;. Because u}/(x) = 0, we get e/ (x) = |u}(z)]. It
follows that e; satisfies the conditions of the trapezoid rule for approximating integrals. See for example
[18, Theorem 5.3.3]. We get:
ei(zi) < ei(w;) + ei(zit1)
2| h
‘261(%‘) +ei(Tiq1)

(/ e; dr + ’Yih?’)

T;

h / e? dx + ;h?
T;

(\fh||e||L2(0,1) + %‘h3>
(clhz\/ﬁ + %‘hs)

2h%% 4 e3h?.

N

N
SR SRR IS OIS

=

N

<

I
o

Here we have used the Cauchy-Schwarz inequality and Theorem 8. O

Although Lemma 7 shows that the pointwise error has order O(h*/?), we numerically verify that the
pointwise error is actually of order O(h?). See for example Figure 4.2, where we have plotted

Eay,
log, <E2) 7 (4.38)
n

where E, is the maximum pointwise error between the exact solution and finite element solution on a
uniform grid containing n elements.

2.4 4

2.24

2.0 4o

IOQZ(EZn/En)

1.8 1

1.6 |

22 23 24 25 26 27 28 29 210

Figure 4.2: Numerical calculation of the order of the pointwise finite element error. We have set p =6 =1 and i = n/2,
corresponding to a = 0.5.

We have not been able to prove this pointwise error bound, and therefore continue this section with the
result of Lemma 7 in mind.
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Theorem 9. For eachi,j € {0,...,n—1}:

Al — AN =03,

) )

Proof. Assume Au; = e; and Aw; = e;, where A = (A=1)~!. By the definition and symmetry of A=,
we have

It then follows that

In the last step the result from Lemma 7 is applied. O]

We will see later that it is sufficient to have an element-wise approximation of A~1.

4.4 Determining the Optimal Tuning Parameter

Recall that our aim is to find an approximation of the matrix C = DA~'DT. Using the results from the
previous section, we can now approximate C. We first express its entries in terms of those of A71.

Lemma 8. Let D be the finite element divergence matriz in the setting of Section 4.2. Then it is given

by:
-1 1
) -1 0 1
D= 3 , (4.39)
-1 0 1
-1 0
where D is an n X n matriz, and we again use the index set {0,...,n — 1}. Define the approzimation
C=DA"'DT toC. Then fori,je{l,...,n—2}:
~ 17~ ~ ~ ~
Cij = 1 [Az‘Jrl1,j+1 - Az‘fl,jﬂ - Az‘+11,j71 + Aijl,j71:| . (4.40)

Proof. The proof follows from combining the following two identities that hold for any n x n matrix B:

1 Bl’j—B()’j, 1=20
(DB)” = 5 Bi—i—l,j - Bi—l,jv 1 < ) g n—2 5 (441)
_Bn—2,j; 1 =n— 1
and
] B;1 — B; o, j=0
(BDT);; = 3 Bijy1—Bij1, 1<j<n—-2. (4.42)
—B; n_2, j=n-1

Thus, for ¢,5 € {1,...,n — 2} we find

(par) —(pa) ]

] ij+1 ij—1

17+ T-1 L+ T-1

9 [Ai+1,j+1 - Aifl,j+1} D) [AiJrl,jfl - Aifl,jfl]

[ -1 71 -1 T-1
Ai+1,j+1 - Ai—1,j+1 - Ai+1,j—1 + Ai—l,j—l}

ij

(pa—pT)

[ R N i VN

Using Lemma 8 and equation (4.37), the entries of C can be computed exactly.
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Theorem 10. Let C again be defined by C=DA'DT, and leti e {1,...,n— 2}, then:

Ci = M [2m cosh(\(1 — h)) + 2h2A? sinh(A(1 — 2@)} + o). (4.43)
Cii1= m [RA cosh(A(L — 2h)) + 2h*A? sinh(A(1 — 22; + h))] + O(R®). (4.44)
Ciiz1 = ﬁlp%Sh()\) [RA cosh(A(1 — 2h)) + 2h2X? sinh(A(1 — 22; — h))| + O(h?) (4.45)

Futhermore, for 1 < j <1i— 2 we have:

~ h2\3

Cii = 5 cosh) [sinh (A(1 = 22, + 6h)) — sinh (\(1 = 0h)) | + O(hY),  §=i—j. (4.46)

Likewise, for i+ 2 < j < n—2 we have:

~ h2\3
Cij

5= 3 cosh ) [sinh (M1 — 2z; — 6h)) — sinh (A(1 — 5h))} oY,  §=j—i. (4.47)

Proof. To avoid unnecessary repetition, we will only derive the expression for 5“ The other entries can
be proved using a similar trick. Using (4.37) and Lemma 8, we find

~ A

Ci = Soah ) [2(sinh(A) — sinh(A(1 - 2h)))

4 sinh(A(1 — 221_1)) — 2sinh(A(1 — 22;)) + sinh(A(1 — 2zi+1))]

The first two terms between brackets look like a finite difference approximation to a first derivative.
Similarly, the last three terms look like a finite difference approximation of a second derivative. Define

() = sinh(A(1 — 2)),

then
Y (x) = —Acosh(A(1 —x)), and " (z) = A sinh(A(1 — z)).

We use the following finite difference approximations:

) - ¢(x+h)2—h¢(x—h) LOM), and (e = LEER) —21/;lgx)+w(x—h) ey

From which it follows that

sinh(A) — sinh(A(1 — 2h)) = ¢(0) — ¥(2h)
= —2hy/(h) + O(h?)
= 2hAcosh(A(1 — h)) + O(h?).

Moreover:

sinh(A(1 — 2z;_1)) — 2sinh(A(1 — 22;)) + sinh(A(1 — 22441)) = ¥ (22;-1) — 2¢(22;) + ¥ (2x41)
= (2x; — 2h) — 2¢(2x;) + (2x; + 2h)
= 4h*" (z) + O(h*)
= 4h*\? sinh(A\(1 — 2z;)) + O(hY).

Thus we find

~ A
Cii = —————|2hAcosh(A(1 — h)) + 2h2 A2 sinh(A(1 — 2 } O

e (2P eosh(A(1 = ) + KX sinh(\(1 - 22)] + O(A)
Which completes the proof for 6” To prove the identities for @,i,l and @,Hl one must also recognize
finite difference quotients for a first and second derivative of 1. To compute the remaining identities
(4.46) and (4.47), two second derivative quotients should be used. O
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Theorem 10 only considers the interior of C and not the first and last rows or columns. Note that we
can expand Lemma 8 to also include 4,5 € {0,n — 1} using the expressions (4.41) and (4.42). Because
this leads to a large number of distinct cases, we have omitted these derivations from this report. It has
been verified that expression such as the ones in Theorem 10 also hold for the entries in the first and last
rows or columns of C'. Numerical experiments show that the entries become more accurate as they are
further away from the diagonal.

From Theorem 9 we know that the entries of A~ are accurate up to order O(h3/2). Thus, the order
O(h?) and higher terms in the entries of C' will not contribute to a more accurate result. Let @ be the

order h part of C'. By dividing the expressions in Theorem 10 by i and taking the limit h — 0, we obtain
forie {1,...,n—2}:

h)\? h
(Qp)i = 1 (Piq + 2p; +pi+1) =1 (pi—l +2p; + pi+1)- (4.48)
And, as a direct result of Theorem 9:
(Qp); = (DA™ D p); + O(h*/?). (4.49)

Consider again the coefficient matrix in the left-hand side of (4.11). Let ¢ € {1,...,n — 2}, then:
(KL, + AtC)pl; = [(kL, + AtQ)p], + O(h?)

_ (RhAt Kk hAt 2k hAt  k 3/2
= (49 - h) Pi—1+ (20 + h) pi + <49 - h) pi+1 + O(h*7) (4.50)

Stabilization is achieved by replacing kL, with (k + 8)L,, we then get:

[((k + B)Lyp + AtC)p], =
hAt  k+BY hAt  2(k+B)\ hAt  k+BY 3/2
(49 I ) i1 (29 L i\ T Jpen F O (451
Let A 2
t

* = = . 4.52
’ 40 Ao + Ao + At(pe + X)) (4.52)

Then 8* is the smallest value of 8 such that (k + 8)L, + AtQ is an M-matrix:

k hAt 2k k

[((k+ 5°)Ly + AtC)p]; = =4 picy + (9 + h) pi— 3 Pit1 + on*?) (4.53)

Note that from (4.48) it follows that p does not affect the order h part of C. Numerical experiments
have confirmed that increasing or decreasing p has little to no effect on the occurance of non-physical
oscillations.

If we assume that the two-sided stabilization of (4.3) is used, and  is set to 8*, then the pertubation in
the corresponding differential equation (4.6) is - at least - of order O(At?h3/2). If the phenomenon seen
in Figure 4.2 is taken into account, the order of the pertubation can be further sharpened to O(At2h?).

4.5 Morpho-Poroelasticity

Combining the morpho- and poroelastic systems from Section 2.4 and 3.4 respectively yields the following
system:

p (git) + (V- v)v) —V.o(v,e,p) =g, (4.54)
DE | colew(Vv) — skw(Vo)e + (tr(e) — 1) sym(Vo) = —G, (4.55)

Dt
V-v—V-(kVp) = f. (4.56)

Where G is the growth tensor. The above equations must be satisfied on the moving domain (¢). The
stress tensor o in this framework is given by:

0’('1), €,p) = 061(6) + Uvis(v) - pI7 (457)
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where
oe(e) = pee + Actr(e)I,
oyis(v) = %uv (Vo+Vo') +A,(V-v)I.
The same boundary conditions as for the visco- poroelastic system are imposed:
v=0, kVp-n=0, on I'y (%), (4.58)
o-n=71, p=0, on T'y(¢). (4.59)

We assume that I'(¢) is the piecewise smooth boundary of (t), such that I'(t) = T'1(¢) U I'y(¢) and
I'i(t) NTy(t) = @ for all t > 0.

4.5.1 Relation to Morphoelastic System

The morpho-poroelastic system is closely related to the morphoelastic system. We show that as k
approaches infinity the solutions for v and & of the morpho-poroelastic system approach the corresponding
solutions to the morphoelastic system. Intuitively, increasing k& means either the permeability of the
porous medium increases, or the dynamic viscosity of the poro-fluid decreases. In both cases the fluid
is able to move more freely throughout the medium as it deforms, having less impact on the domain
deformation. This is formalised in the following theorem.

Theorem 11. Let vy, € and pi be the solutions to the morpho-poroelastic system (4.54)-(4.56) with
boundary conditions

v=0, kVp-n=J on T'1(¢), (4.60)
o-n=T1T, p=po, on Ty(t), (4.61)
where J is bounded and py is constant. Let v and € be the solutions to the morphoelastic system (4.58)-
(4.59) with boundary conditions
v =0, on I'(t), (4.62)
o-n=r, on T'a(t). (4.63)
Then vy — v and €, — € as k — oo.

Proof. We give the outline of the proof. Some properties of the solutions are assumed without them
being proved. In a future work, these technicalities should be addressed. Note that in the limit & — oo,
equation (4.56) turns into

with boundary conditions
Vp-n=0, onT(t), p=po, ony(t).

This holds provided V :v remains bounded on §2(¢) for all ¢. Note that since v has been eliminated from
(4.56), the equation has been decoupled from (4.54) and (4.55) but not vice versa, since p still occurs
in (4.54). The resulting boundary value problem for p has the unique constant solution p(x,t) = pg on
Q(t). If we substitute this solution into the stress tensor (4.57) and take the divergence, we obtain:
V-o(v,e,p0) =V (0al(e) + ovis(v)) — Vpo
= V- (oale) + ovis(v)),

because Vpg vanishes. Thus, we find that v and e satisfy the morphoelastic system (4.58)-(4.59). O

4.5.2 Derivation of System of Equations

We present the weak forms corresponding to equations (4.54)-(4.56). Their complete derivations will not
be discussed, as most of them have already been shown a number of times throughout this work. The
weak form of (4.54) is similar to (3.91):

d
p—/ v-adeJr/ (oa(e) + ovis(v)) : Vo dQ—/ p(V - ) dQ
dt Jo Q)

Q(t)

:/ g-gonJr/ T-pdl. (4.64)
Q(t) Ts(t)
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Where ¢ is a vector-valued Lagriangian test field that vanishes on T';(¢). We show the derivation of the
term involving the stress tensor. Using Green’s formula, Gauss’ divergence theorem and the boundary
conditions, we get:

—/ (Veo)-pdQ = c:Vo—-V-(o-p)dQ
Q(t) Q(t)

:/ (a‘cl(e)—i-avis(v)—pI):VLde—/ (n-o)-dl
Q(t) T'(t)

-/ | (al®) + o) : Vo a0 - /

p(V-cp)de/ T-dl.
Q(t)

FQ(t)

The weak form of (4.55) is derived in (2.106), it is given by:

d
= e:¢dQ
dt Q(t)

+ / (eskw(Vv) — skw(Vo)e + (tx(e) ~ Dsym(Vo) — (V-v)e) : ¢ d2
Q)

=— | G:¢d. (4.65)
Q(t)

Here ¢ is a tensor-valued Lagrangian test field. Finally, the weak form of equation (4.56) is given by
/ (V-v)y dQ + / kVp-Vip dQ = / fudQ (4.66)
Q(t) Q(t) Q(t)

Where 1) is a scalar-valued Lagrangian test function. Weak forms (4.64), (4.65) and (4.66) are converted
to a semi-discretised algebraic system by computing the Galerkin equations. To this end, the approximate
domain €y,(t) is triangulated by 75 (t). The vectors v,e and p contain the values of their corresponding
unknown in the grid points. By following the usual steps we arrive at the following set of ordinary
differential equations:

d
Py (Myv) + Syisv + Seqe — D 'p=g (4.67)

% (M.e) — Bv+ N(v,e) = -G (4.68)
Dv+kLp=f (4.69)

Herev = (v, v?) 7, e = (e'1,€'2,€2?) T and p are the vectors containing the unknowns, and g = (g',g%) "

and G = (G',G'2,G*)T adn f are the right-hand side vectors. The symmetry of € has been used to
eliminate £2! from the system. Moreover, the two mass matrices are given by:

M 0 0
MU:<J‘O4 A‘}) M=o M o], (4.70)
0 0 M

where M is the mass matrix given in (3.96). Note that here we assume v and e both use linear basis
functions. Since the divergence matrix D is the same as in (3.62), it again consists of the two blocks

D = (D' D?). From (2.109) we see that the matrices B and S can be expressed in terms of D* and
2.

D' 0 10 00
B=|(iD* iD'| =10 i|eD'+ (3 0|®D? (4.71)
0 D? 0 0 0 1
and
(e + \e)D? A\.D? fe+X 0 0 A
Sl = e D? peD? = 0 pe | @ DY+ | e 0 ® D?. (4.72)
A\.D? (e + Ae)D? e 0 0 pe + A\

Here ® denotes the Kronecker product. Note that the elasticity matrix S, now acts on & instead of the
displacement w. The matrix Syis is well-known viscous stifness matrix of which its elements are given by
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(2.71)-(2.74). The non-linear operator IN is defined in Section 2.4.2. We apply implicit Euler to system
(4.67)-(4.69). Let a superscript (-)™ denote a time-level. Note that all discrete operators depend on the
current grid, and therefore also get a time-level superscript. We obtain the fully discrete system:

(pM™ 4 AtST ) v™ 4+ AtSTe™ — At(D™) T p™ = pM™ o™ ~1 1 Atg™, (4.73)
M™e™ — AtB™v™ + AtN™(v™,e™) = M™ te™ ! — AtG™, (4.74)
D™ + kL™p™ = f™. (4.75)
Equivalently, in block-matrix notation:
pM™ + AtS™T AtST —At(D™)T\ (o™ 0
—AtB™ Mm™ 0 em | + At | N™(v™, ™)
D™ 0 kL™ p™ 0
pM{}n—l,U?n—l Atgm
= | M lem=l | + | —AtG™ | . (4.76)
0 m

Note that to solve system (4.76), the operators and right-hand side vectors at time-level m must be
known. However, these depend on the grid at time-level m and thus on the solution of the system. As
such, an iterative method is used to solve (4.76). Details regarding this method can be found in section
2.4.3.

4.5.3 Stabilization

As was the case in the previous poroelastic systems, equation (4.56) will cause non-physical oscillations
in the finite element solution for small values of k. To find out which matrix is causing this behaviour,
write system (4.76) in the following abbreviated form:

A AtSg —AtDT v 0 rt
—AtB M. 0 e| +At| N(v,e)| =(r?]. (4.77)
D 0 kL p 0 r3

Here we have dropped the time-level superscripts and set A = pM,, + AtS,is. Solve the first equation for
v:
v=AtA'DTp - AtA7 S e + A1t (4.78)

Substitute the above result in the third equation to obtain:
(kL + AtDAT'D")p = AtDA™'Sqe — DA™ 'r! + 73, (4.79)

The left-hand side of the above equation has the same structure as (4.11), but with a different matrix
A. By repeating the derivation of Sections 4.2, 4.3 and 4.4 for the morpho-poroelastic system, we obtain
the following optimal tuning parameter:

h2
4(,“11 + /\v) ’

This result is then extrapolated to the two-dimensional morpho-poroelastic system on a non-uniform grid.
The complete stabilized version of system (4.76) is given by:

B* = (4.80)

pMI + AtST AtST —At(D™)T\ (o™
—AtB™ M 0 e™ | + At
Dm 0 kLm+C;TI p77l
pMm—lym—1 Atg™
= Mm-tem=t | + | —AtG™ |, (4.81)
C;n lpm 1 .fm
where the stabilization matrix C; is given by:
m 1
(Cs)ij :m Z hZ/V% VQDJ dQ. (4.82)

TeTm™

Here 7™ denotes the triangulation of the domain at time-level m.



4.6 Comparison Between Morphoelastic and Morpho-Poroelastic Models 65

4.6 Comparison Between Morphoelastic and Morpho-
Poroelastic Models

We compare the behaviour of the morpho-poroelastic model compared to the morphoelastic model from
Section 2.4. To this end, a similar configuration as in Section 3.5 is used, where we compare the visco-
poroelastic model to the viscoelastic model. Thus, the following body force is applied to the domain:

g(x,t) = (0'251“(”3”[07” W) . (4.83)

The initial domain is again the unit square. The mass source function f is set to zero, and the following
mechanical parameters are used:

e =X =1, po=A =05 p=05. (4.84)

Furthermore, we set the growth parameter « equal to 1 for both models. We use the (initially) uniform
finite element mesh from Figure 2.10 and a timestep of size At = 0.05. Figures 4.3a and 4.3b show the
maximum domain width and mimimum domain height as functions of time, for various morphoelastic
models. The red lines correspond to the morpho-poroelastic simulations for various values of k, whereas
the green line corresponds to the morphoelastic model from Section 2.4.

Max. Width Min. Height
1.05 A 1.00 4
1.04
0.99 A
1.03 A
5 0.98 +
1.02 L H LR e
—— Morpho 0.97 1 S X
1.01 - —— M.-Poro (k=0.1) k) pa —— M.-Poro (k=0.1)
-=+ M.-Poro (k= 0.01) 0.96 4 N -=- M.-Poro (k=0.01)
1o0d L M.-Poro (k = 0.001) : \ ’ ..... M.-Poro (k = 0.001)
0 1 2 3 4 0 1 2 3 4
(a) Maximum width of domain. (b) Minimum height of domain.

Figure 4.3: Maximum domain width and mimimum domain height as functions of time for morphoelastic model and three
morpho-poroelastic models.

Note that for smaller values of k, there is less extension is the z-direction (width), but more compression
in the y-direction (height). It also seems that the viscoelastic ‘overshoot’ property is less pronounced
for lower values of k. For higher values of k, we see that the solution to the morpho-poroelastic system
approaches the solution to the morphoelastic system. This is in line with the theory from Section 4.5.1



Tumor Growth

In this chapter we apply the developed morpho-poroelastic model to tumor growth. To this end, the
framework of [14] is used. We will first give a brief summary of this framework.

5.1 Mathematical Model

The model proposed in [14] is based on the idea that a tumor grows better in areas where there is a high
concentration of oxygen. The presence of oxygen will therefore encourage tumor growth. The new tissue
that is created will exert a force on its surroundings, which has to be incorporated in the force balance
equation. Let 7 be the volume of new tissue created per unit volume of tissue. To model the force exerted
by the new tissue on the medium, the following term is added the stress tensor:

—G§+&)M (5.1)

The parameters . and p. are the familiar Lamé constants, such that the constant . + . /3 equals the
bulk modulus of the drained medium. Moreover, depending on whether the underlying model is purely
elastic, viscoelastic or morphoelastic, the elastic stress tensor o, can be adjusted. In the latter two cases,
an intertial term must be included. The change in time of n depends on the oxygen concentration ¢ and
the fraction of the medium occupied by cells, which is equal to the solid part of the medium ®. Therefore,
1 — @ is the fraction of space that is occupied by fluid. It is important to note that ® is not a constant;
it can change in time and space according to the following equation [14, Eq. 1]:

oD
5 TV (@) =5 (5.2)

The function S is the cell creation source. It also acts as a source function for n in the sense that
On/ot = S. In [14] the following cell creation source function is proposed:

S =F(@)®(1 - ®)Ng(c) —rq?®, (5.3)

where Ng(c) is the Michaelis-Menten cell growth rate as a function of the nutrient concentration. It is
given by:
Ne(e) = GmaxC
cagtc
The parameter Gax is the maximum cell growth rate when there is no shortage of oxygen, and c¢ is the
Michaelis constant, which is equal to the oxygen concentration for which the cell creation rate is half of
Gmax. Looking back at (5.3), the parameter 74 is the death rate of tumor cells. The term rq models the
fact that tumor cells die in the absence of oxygen. The factor F(7) is a stress-dependent growth factor.
In [14], F is chosen equal to F(G) = 1 — 7. The parameter § is chosen to equal

3 1 1
=% (u5+3Ag +2ue>' )

This seemingly arbitrary choice is derived in [14] by calculating the stress needed for a spherical cell to
increase its radius. If we repeat this derivation for a circular cell in two dimensions, we find:

1 1
62&(%%’»& +2us>’ >0

(5.4)

66
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under the assumption that [14, Eq (12)] holds for circular cells. Note the factor v/2 = 2/1/2 instead of
3/4/2, which is the result of using area (squares) instead of volume (cubes). Moreover, @ is the average
of the radial and circumferential stresses. In three dimensions, we would have:

Orp + 009 + O

3 9
where 0 and ¢ are respectively the azimuthal and polar angle. Using the fact that the trace of a matrix
is invariant under a change of basis, we also have

o =

(5.7)

Ozg + Oyy + 022

T = 5.8
o v (53)
Similarly, in two dimensions:
= L—’—JW' (5.9)
2
Note that & depends on the elastic model that is used. For example:
e For the visco-poroelastic model from Section 3.4, we have
o =0q(u)+ oys(v) —pl — (% + )\s) nl, (5.10)
where the viscous stress tensor is ois(v) = fi,sym(Vo) + A, (V- v)I. In this case
E:(%—i—)\g)(V-u)—k(%—k)\v)(v-v)—p—(%—k)\s)n. (5.11)
e For the morpho-poroelastic model from Section 4.5, we would have
o =0q(e) +ovs(v) —pl — (% + )\5> nl. (5.12)
The elasticity tensor is now given by o (g) = p.e + Actr(e)I. We then get
7= (% ) tr(e) + (’“‘7 +A) (Vo) = p - (% ) (5.13)

Finally, consider the effect of ® on S. If ® is equal to 0, then there are no tumor cells present that can
multiply, hence no growth is possible. On the other hand, if ® is equal to 1, the fluid can no longer
reach the tumor to deliver oxygen. The transport of oxygen throughout the medium is modeled using a
convection-diffusion equation. Convection is driven by the fluid velocity vg, which is related to the Darcy
flux as follows:

(1—®)vp = —kVp. (5.14)

To model the absorption of oxygen into the tissue, a nutrient absorption function Na(c) that acts as a
sink is added to the equation. We assume that oxygen is the only nutrient that allows tumor cells to
grow. Oxygen absorption also follows a Michaelis-Menten type equation:

Apaxc
ca+c’

Na(c) = (5.15)
where Apnax is the maximum absorption rate, and c4 is the concentration for which the absorption rate
is half of its maximum. By also incorporating the deformation of the medium, and a diffusive term, we
get the following transport equation for c:

% + V- (ve) = V- (kVpe) = AnVZe — ®Na(c) (5.16)
The parameter Ay is the oxygen (nutrient) diffusion constant. In the following sections, we derive a finite
element model to solve convection-diffusion equations such as (5.16). First, a simpler equation is solved
on a fixed grid and constant fluid velocity. To avoid oscillations in convection dominated systems, the
Streamline Upwind Petrvov-Galerkin (SUPG) method can be used. We have found this to be unnecessary
in our numerical experiments, because the convection remained small compared to the diffusion, especially
near the domain boundaries. In Sections 5.2.1 and 5.2.2 we consider two ‘zero-dimensional’ systems, to
investigate the behaviour of nutrient absorption and its relation to tissue growth. In subsequent sections,
we build up to the complete model that combines a (visco/morpho-) elastic model with oxygen transport
and cell creation.
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5.1.1 Complete Model Equations

In this section we combine the mechanical model (that is, morpho-/visco-/poroelasticity), with the bio-
chemical tumor growth model. On the one hand, we use the model from Section 4.5 with and additional
term that models the stress exerted by tumor cells on the tissue. The mechanical model equations are
given by:

p<g¥+(v-v)'v> —V-o(v,e,p,n) =g, (5.17)
% + eskw(Vv) — skw(Vv)e + (tr(e) — 1) sym(Vv) = -G, (5.18)
V.-v—-V-:(kVp) = f. (5.19)
The stress tensor is given by:
o(v,e,pm) = oale) + ouis(v) —pL — (5 + A ) I (5.20)

The elastic and viscous stress tensor are given by (2.89) and (2.39) respectively. We set the growth tensor
equal to G = ae for a > 0, such that we can model permanent deformations. On the other hand, the
biological model from [14] is used to model oxygen transport and tumor growth.

% +(Vev)e — V- (keVp 4+ Ay Ve) = —BNA(0), (5.21)
% 4 (V-0)® = F@)®(1 — ®)Na(c) — rad. (5.22)
% — F@)®(1 — ®)Ng(c) — rq®. (5.23)

Thus, we have six equations and the six corresponding unknowns v, e, p,c,® and n. Note however that
there are nine scalar unknowns; v has components v!,v%, and € has the (unique) components 1, 12, £22.
We use linear basis functions with respect to a triangular mesh for all unknowns. The finite element dis-
cretization of equations (5.17)-(5.19) can be found in Section 4.5. The discretization of the term involving
V1 in (5.17) is done similarly to the Vp term. Discretization of (5.21) and (5.22) is discussed in Section
5.3. Equation (5.23) is discussed in Section 5.3.3.

It is important to note that the mechanical and biological models are two-way coupled. The mechanical
model produces the solid velocity v and the pressure p, which are necessary to compute the oxygen con-
centration. Moreover, the average stress & is needed to calculate the volume fraction ® and new tissue
volume 7. On the other hand, the biological model also affects the mechanics through the V7 term in
the force balance equation.

Due to the interconnectedness of the equations, we choose a monolithic approach over some kind of
staggered approach. A possible staggered approach would be to first solve the mechanical model, and
use its output to solve the biological model. In the next step the output of the biological model is used
to solve the mechanical model again. The advantage of such a method is that two smaller systems are
solved instead of one large system. However, the coefficient matrix of the mechanical model is already
6n x 6n where n is the number of meshpoints. The biological model is much smaller in comparison; only
3n x 3n. Thus, a monolithic approach will amount to solving a 9n x 9n system. Additionally, a staggered
approach is often very useful for converting a non-linear system into two linear systems. If we were to
use a staggered method then the variable p in equation (5.21) would be known, effectively making this
term linear. However, both the mechanical and biological systems are inherently non-linear, a staggered
approach will not help in this sense.

5.1.2 Testing Configurations

We present the different testing configurations used to test the model. Note that due to the nature of
equation (5.18) and (5.22), the unknowns €, ® and 7 do not need boundary conditions.

(i) The first configuration is a square with one rigid edge. We set

Q0) = (0,1)%, T1(0) ={(z,y) 12 =0}, T2(0)=092(0) \T1(0).
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(i)

(iii)

On T'y(t), we impose either the boundary conditions:
v=0, n-kVp=0, c=c. (5.24)
or
v=0, n-kVp=0, n-(ckVp+AyVc)=0 (5.25)

Thus, this part of the boundary is fixed. In the case of conditions (5.24), the nutrient concentration
¢ is prescribed on I'y (). This means that nutrients can flow into and out of the domain. On T'y(¢),
we impose boundary conditions

on=7, p=0, n-(ckVp+AyVec)+r(c—co) =0, (5.26)

Note that o is the complete stress tensor given in (5.20). The parameter x should be non-negative.
Note that if K = 0, we have a zero-flux boundary condition for ¢ on I'y(¢). If in addition we use
condition (5.25) on I';(¢), nutrients can not flow into or out of the domain at any point.

This configuration is very similar to configuration (i). The same initial domain 2(0) = (0,1)? is
used. On T'y(t), we impose

v=0, n-kVp=0, n-(ckVp+ AnyVc)=0, (5.27)
and on I'y(t) we impose
on+yu=0, p=0, n-(ckVp+ IyVec)=0. (5.28)

The parameter -y should be non-negative. If it is zero, then I's(¢) is a free boundary and we are back
in configuration (i) with 7 = 0. The boundary condition on o essentially models a mass-spring
system: the force on the boundary is opposite and proportional to the displacement. This models
the force of the surrounding tissue as it is pressing on the domain. The weak form of equation
(5.17) must also be adapted, it now becomes

d

— pv-gon+/
dt Q(t)

o: Ve dQ+/
Q(t)

yu - dl' = / g-p dQ. (5.29)
T2 (t) Q(t)

This leads to a semi-discrete system of the form

d -
T (pM,v) + Syisv + See — D 'p+ Cu = g, (5.30)

where u = (u',u?)" is the vector containing the domain displacement in the grid nodes, and Cis

the block matrix
O — c 0
—\0 C)°

Cij :7/ pip; dI. (5.31)
Ta(t)

where C is given element-wise by

Note that the displacement does not appear explicitly in any of the other equations. We use the
displacement velocity to update it:

u™ =u"" + Ato™, (5.32)

Thus, integrating (5.30) in time using implicit Euler yields

vis

(pM;n +ALS™ 4 At25m) o™+ AtSTe™ — At(D™)Tp™
= pM" L™ — ALCT U+ Atg™ (5.33)
Finally, we consider a quarter circle with radius R:

Q0) = {(z,y) : 2,y > 0, 2* +y* < R?},
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with boundaries

Fll(o) = {(x,y) << R7 Yy = 0}7
['12(0) = {(z,y) : 2 =0, 0 <y < R},
I5(0) = {(2,9) : 2,y > 0, 2% +y* = R?}.

Figure 5.1 shows a sketch of this initial domain. The following boundary conditions are imposed:

onTy(t): v*=0, n-kVp=0, n-(ckVp+AyVc)=0. (5.34)
onTip(t): v'=0, n-kVp=0, n-(ckVp+ AyVc)=0. (5.35)
only(t): on=0, p=0, c=c. (5.36)

Thus, on I'11(t), the domain can only move in the z-direction. Similarly, on I'15(¢), the domain can
only move in the y-direction. The circle arc I's(t) is a free boundary. In this configuration, we are
essentially modelling a full circle in which there are symmetries across its vertical and horizontal
radius.

I'2(0)

I'12(0)

I'11(0)

Figure 5.1: Sketch of initial domain with corresponding boundaries.

5.2 Analysis of Zero-Dimensional Nutrient Decay & Tissue
Growth

In the following sections, equations (5.21) and (5.22) are analyzed in a zero-dimensional setting. We
consider the oxygen concentration ¢, and later also the tumor volume fraction ®, at a single point and
assume there is no transport. Hence the evolution of these quantities only depends on their respective
source functions and their coupling.

5.2.1 Analysis of Nutrient Absorption

We first investigate the nutrient absorption behaviour as modeled by the Michaelis-Menten equation. To
this end, we analyze the following differential equation:
de DA LaxC

-— = —(I)NA(C) =

5.37
dt ca+c’ (5.37)

where the concentration c is only a function of time: ¢ = ¢(¢). This effectively mimics equation (5.21) in
the case where v = 0, Vp is constant and Ay = 0; there is no domain deformation, no Darcy flux and
no nutrient diffusion respectively. In other words, there is no transport of oxygen and the evolution of
the concentration is only determined by absorption. In this section, we assume ® is constant in time and
treat ® A« as being one parameter. Later it will make sense to separate them, as ® will no longer be
constant in time. Equation (5.37) is separable:

/i‘“ +1lde= —/chmax dt. (5.38)

Which is solved by
calnle] +c=—PApaxt + K, (5.39)
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where K is an integration constant. From the original differential equation it is clear that de/dt < 0 for
¢ > 0 and de/dt = 0 if and only if ¢ = 0. Therefore if ¢(0) > 0 we have ¢(t) > 0 for all ¢ > 0. With
this in mind we can drop the absolute value and eliminate K in favour of the (positive) initial condition

c(0) = ¢o:
e(t)

caln (c) +c(t) — co = —PAmaxt- (5.40)
0

We can not solve the above equation for ¢(t) in terms of elementary functions. However, we can either
analyze the curve in t-c space defined by the implicit relation, or we can solve it using the Lambert W
function [4]. This function is defined as the solution W(z) to

W(z)eV® = 2. (5.41)

The solution is uniquely determined for real z > 0. To solve equation (5.40) in terms of the Lambert W
function, we will need the following result.

Lemma 9. Let the function f(z) be implicitly defined by
fz)"e!®) =z, (5.42)

for z>0 andn > 0. Then

£(2) = W (Zl/n) . (5.43)

n

Proof. We can prove the statement by simply subsituting (5.43) into (5.42):

o~ (5 o (5
(L) ()

Here we have used definition (5.41). O
To apply the result of Lemma 9, we first write (5.40) in the form

e(t)A et = e exp [co — PAmaxt] (5.44)
by taking the exponential on both sides. It then follows that

«MAmaXtD (5.45)

CA

c(t) = caW (CO exp [
ca

Figure 5.2a and 5.2b show the effect of c4 and ® A« on the evolution of the concentration. The other
parameters are kept at 1 for the sake of demonstration.

1.01 —— ONpax=0.25
——— ONpax=0.5
0.8 ONppax = 1
0.6
[} (8]
0.4 -
0.2
0.0
0 1 2 3 4 5
t ¢

(a) Concentration for various values of c4. (b) Concentration for various values of ® Apax.
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5.2.2 Coupling Nutrient Absorption and Volume Fraction Growth

To extend the model of the previous section, the solid volume fraction ® is added to the system. We use
equation (5.3) to model its growth or decay. Since ¢ and ® are assumed to only be functions of time,
the stress dependent factor F(7) is assumed to be constant. Note that because there is no convective
transport, ® and n are equal. Hence, ® is a measure of tissue growth. We get the following coupled
system of differential equations:

de
o = ~Na() (5.46)
% = Fa(1 — ®)Ng(c) - rad (5.47)

The system is numerically integrated using the explicit Runge-Kutta 4 method. We use the initial
conditions ¢(0) = 1 and ®(0) = 0.01 to simulate a situation in which there is initially almost no cell tissue
present, such that the available nutrients will cause tissue growth. We set the cell creation- and nutrient
absorption parameters to 1:

Gmax = €g = Amax = €A = 1, (5.48)

and we also set F' = 1. The death rate rq is varied to investigate the resulting behaviour. The system
is integrated from ¢ = 0 to ¢ = 100 using a timestep of size At = 0.1. Figure 5.2 shows the solutions
corresponding to rq = 0, rq = 0.01 and rq = 0.1.

1.0 ~o

N — ry=00
% rg=0.01
0.8 1 " — rg=01
0.6
0.4
0.2
0.0

0 20 40 60 80 100

Figure 5.2: Plot of concentration (dashed line) and volume fraction (solid line) as a function of time for various values of
rq-

Initially ® starts growing due to the high amount of nutrients. After the nutrient concentration gradually
declines, growth slows down and the death rate takes over. In the case of rqy = 0, ® converges to a positive
asymptotic value, whereas for rq > 0 it converges to 0.

5.3 Finite Element Approach

In this section,the weak form and corresponding Galerkin equations of equations (5.21), (5.22) and (5.23)
are derived.

5.3.1 Nutrient Transport Equation

We start with the nutrient transport equation (5.21). Note that it is a convection-diffusion equation with
a non-linear sink term. We can distinguish three types of terms in equation (5.21); a term accounting for
the domain deformation, a concentration flux, and a concentration sink:
Dc
— + (V:v)c—= V- (keVp+ AnVe) = —PNa(c), (5.49)
L

Dt L 1 1
_— flux sink

deformation

where the nutrient absorption rate Nu(c) is given in (5.15). For the derivation of the weak form we use
a zero-flux boundary condition on the entire boundary:

n-(ckVp+ AyVe) =0. (5.50)
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This boundary condition is also imposed in testing configuration (ii) in Section 5.1.2. Note that if a Robin
boundary condition is imposed, such as in configuration (i), then some additional terms will appear in
the weak form. Let £ be a Lagrangian basis function. Multiply the above equation by & and integrate
over Q(t) to obtain:

A cdo- [ Ve(chVp+ Ve £do = — / BN ()€ . (5.51)
dt Jaow Q) Q)

Here we have applied Theorem 3 to obtain the first term. Use partial integration and Gauss’ divergence
theorem to find

d
— c dQ+/ ckVp-V§+)\NVc-V€dQ—/ n - (ckVp+ AyVe) ¢ dD
dt Jaw Q(t) I'(t)

__ / BNA(C)E AQ.  (5.52)
Q(t)

Applying the boundary conditions yields

d € dQ + / ckVp-VE+ AnVe-VEdQ = —/ DN (c)€ dQ. (5.53)
dt Jaq 0) ()

This weak form introduces two difficulties: we obtain a non-linear term involving both ¢ and p, and on
the right-hand side we get a non-linear term involving ® and a (non-linear) function of c¢. Using linear
triangular elements, we can write

)= ci(thps(@st), D(a,t) =Y Pp(t)pr(a;t),  pla,t) =Y pe(t)pe(@;1), (5.54)
j=1 k=1 =1

where the ¢; are linear basis functions with respect to a mesh 7;. Set £ = ¢, for some i € {1,...,n},
then we get
n n
/ ckVp-VE+AyVe-VEAQ =D ¢ / ki Y peVer- Vi + ANV - Vi d. (5.55)
Q(t) j Q(t) =1

Regarding the right-hand side, we approximate it in the following way:

/ ONA()ps d = [ AmaxC®Pi 4
Q(t)

Q(t) cat+c

_ Zc / Awx P05 )
J ca+c

Jj=1 TeTh
= ch Z Ar(c Z CI>2T/ e, rPip; dSd. (5.56)
J=1 TE€Tx 0e{1,2,3}

Here Ar(c) is an approximation of Amay/(ca + ¢) on the element T

e c 1 Amax + Amax + Amax
cat+car catcr catcesr

(5.57)

Here ®, ¢ and cgp for £ € {1,2,3} denote the values of ® and ¢ at the vertices of T. In conclusion, we
get the following semi-discretized system of Galerkin equations:
d

T (Mc) + [kA(p) + ANL + Na(®,c)]c =0, (5.58)
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where the coefficient matrices are given element-wise by:

Mij; = / pip; A€, (5.59)
Q(t)
Lij = Vi - V; dQ, (5.60)
Q(t)
Ap)ij = Zpe/ @i Vipe Vi dfd. (5.61)
=1 ()
NA((P,C)ij = Z ;{T(C) Z (I)&T/ Ce,TPiP; dQ. (562)
TET 0€{1,2,3} T
fori,j € {1,...,n}. The time-discretization is done in the usual way using implicit Euler:
M™e™ + At [kA™(p™) + ANL™ + NTH(®™, ™) ™ = M™ tem™ L. (5.63)

5.3.2 Volume Fraction Evolution

In this section, we discretize equation (5.22). For readability purposes, we repeat the equation:

Do

S+ (V-0)® = F@)(1 - ®)Ng(c) ~ ra®. (5.64)

By multiplying the equation with ¢; for i = 1,...,n and integrating over Q(t), we obtain a system of the
form

%(M@) =S —rdM®. (5.65)

The first term is again the result of applying Theorem 3. Moveover, the vector S is given element-wise
by:

Si= Z F(ET)éT(c)ch Z ‘I)k,T/ Pipjpr T A

1T i=1 | ke{1,2,3} T
- > > ‘I’k,T‘I’e,T/sOiSOMk,T@e,T Q| . (5.66)
ke{1,2,3} £€{1,2,3} T

The element matrices corresponding to the integrals in the above expression, as well as in (5.56), are
computed in Section A.4. Similar to (5.57), we use

~ 1 Gmax Gmax Gmax
GT(C) = - + +
3\cg+ar cgtcr cgtesr

(5.67)

as an approximation of G(c) = Gmax/(c + ¢g) on T. The factor &7 is the average over a triangle T’ of
the total stress (5.13). Thus we have

1 v
o= Y 505 +0) G e + (%40 (hroer + o)
0€{1,2,3}
1 1
—3ber — 3 (% + >\e> W,T] , (5.68)

where a7 and Ber are respectively the z- and y-derivative of the linear basis function ¢, r, and a
subscript (¢,T) denotes one of the three vertices of T. Discretizing the semi-discrete system (5.65) in
time using implicit Euler yields:

(14 Atrg) M™ @™ — AtFs™ (@™ ™t = M e™ (5.69)
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5.3.3 Updating New Tissue Volume

In this section, we will discuss the treatment of the new tissue volume 7. Note that equations (5.22)
and (5.23) are very similar. The evolution of ® takes into account the domain deformation, whereas the
evolution of 1 does not. This corresponds to their physical interpretations; ® represents the fraction of
space occupied by tumor cells, whereas 7 represents the volume of new tumor cells per unit of volume.
Thus, where & is affected by the flow of the domain, 7 is not. We derive the weak form of equation
(5.23). Since we are using a Lagrangian framework - the value of the unknowns is tracked at the location
of a moving grid point - the partial time-derivative dn/dt cannot be easily discretized, because we must
compensate for the displacement velocity v. To this end, let £ be a scalar-valued linear Lagrangian basis

function, then:
/ @MQ:/ <a77+v-(my))gd9/ V- (on)€ dQ
o) Ot o) \ Ot Q)

d
= — dQ — V- -V dQ. 5.70
i f, 00 [ (o v (5.70)

Note that we added and subtracted the term V- (vn)€. This then yields an integral to which Theorem 3
can be applied. We now write

n(x,t) =Y n;(t)e;(a;t),
j=1

where ¢; is a linear basis function centered in grid node j. Moreover, let 17 be the vector containing the
n;. Set £ = ¢, for i =1,...,n to obtain the follwing semi-discrete system for (5.23):

d

7 Mn) - Qv)n=8 —raM®, (5.71)

where the vector 8 is given element-wise by (5.66), and
Qv)i; = /Q( )(V )i + (V- V;)p; dQ. (5.72)
t
The per-element contributions of the matrix Q(v) are given by:

Q)r)i = > [(Ué,Tae,TvaZTﬁe,T)/Wﬂj dQ + (vg ra +U?,T5j)/ o TPi dQ] (5.73)
0€{1,2,3} T T

Applying implicit Euler to (5.71) yields
(M™ — AtQ™(v™)) n™ — AtS™ + AtrgM™®™ = M™ tym~! (5.74)

Recall that ® satisfies the semi-discrete system (5.65). By subtracting this equation from (5.71), we
obtain

< (M- @) = Q). (5.75)

Thus, if v remains small in both magnitude and gradient, the term on the right-hand side will also be
small. In other words, if the domain deforms slowly, we expect n — ® to remain approximately constant
in time. Moreover, if their initial values are equal, i.e. n° = ®°, then n and ® will be roughly equal on a
slowly deforming domain. This is illustrated in Figure 5.3. Here we have applied a body force g = (1,0)"
to speed up the domain deformation. Both 1 and ® have been set to the constant initial value 0.5. It
is clear that the difference between 1 and @ is very small, with the maximum error being less than 1%
relative to both n and ®.
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Figure 5.3: Contour plot of n — ® after 10 timesteps, superimposed on the deformed grid.

5.3.4 Summary of Finite Element Model

We present the complete finite element tumor growth model. First, consider the semi-discrete mechanical
model corresponding to the partial differential equations (5.17) - (5.19):

d e
5 (M) + Suisv + Sae = DTp - (”— n /\5> DTp=g, (5.76)
i 3
d
& (Mee) = Bu+ al.e + N(v,e) =0, (5.77)

Dv+kLp = f. (5.78)

Here v and e are the vectors v = (vl,vg)T and € = (511,612,522)T. The mass matrices M, and M,
denote block matrices with respectively 2 and 3 standard mass matrices M on their block-diagonals, and
zeroes everywhere else. The coupled semi-discrete biochemical model, corresponding to equations (5.21)
- (5.23), is given by:

% (Me) + [kA(p) + AnL + Na(®,¢)]e =0 (5.79)
d

3 (M®) +raM® =8 (5.80)

% (Mn) —Qv)n+rqM® =8 (5.81)

The vector S depends on all unknowns; & = S(v,e,p,c, ®,m). We have omitted this dependence in
the above equations to increase readability. As was previously discussed, the two systems are solved
simultaneously: we use a monolithic approach. The time-discretization is again done using implicit Eu-
ler. We will not give the fully discrete equations since they follow immediately from (5.76) - (5.81), and
have already been shown in the previous sections. Note that due to the moving domain and the many
non-linearities in the equations, an iterative method must be used to perform one timestep. We use a
Picard-type iterative scheme, for more details see Section 2.4.3.

It should be noted that depending on the boundary conditions, additional terms must be added to
one or more of the above equations. For example, if configuration (i) from Section 5.1.2 is used with
k > 0, equation (5.79) will gain additional terms involving boundary integrals over I's(¢). Similarly, in
configuration (ii), equation (5.76) will gain an additional term involving the boundary integral of the
displacement, as is shown in (5.29).

5.4 Numerical Experiments

The tumor growth model is tested using the configurations from Section 5.1.2. The numerical experiments
in this section should be considered as demonstrations of the finite element model. The simulations are
not yet intended to model biologically correct tumor growth.



5.4 Numerical Experiments 7

5.4.1 Configuration (i)

Domain Deformation Resulting from Tumor Cells
For our first experiment, we are interested in the effect of ® on the domain deformation. The experiment
is performed in the framework of configuration (i). We choose the following initial profile for &:

®(x,y,0) = 0.01 + 0.98 - Ljg 5.1 (z)(x — 0.5) (5.82)

Here 14 denotes the indicator function of the set A. For x < 0.5, ® has the constant value of 0.01.
It is deliberately not set to zero, because then the source function S would vanish on this part of the
domain. For x > 0.5, ® increases linearly to a value of 0.5 at x = 1. Note that this means that there are
already tumor cells present. The initial concentration profile is set to the constant value 1. We expect the
gradients to be higher on the right side of the domain. Therefore, the following variable initial meshwidth
is used:

h(z,y) = 0.03+0.07(1 — z) (5.83)

Figure 5.4 shows the initial volume fraction and initial finite element mesh.
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Figure 5.4: Contour plot of initial volume fraction profile (5.82) and initial grid using the variable meshwidth (5.83).

We run the morpho-visco-poroelastic tumor growth model using the simulation parameters in Tables 5.1,
5.2, 5.3.

Table 5.1: Mechanical parameters.

plue delm N |k|a
11 11 111
Table 5.2: Biological parameters.

)\N ‘ Amax cA ‘ Gmax ca ‘ Td
0.01 [ 1 1] 1 1|01

Table 5.3: Source functions and boundary conditions.

glflr]ec o =
0

The model is run until ¢ = 5 using a timstep of size At = 0.1. Figures 5.5a and 5.5b show the finite
element solutions for ¢ and ®. Figure 5.5¢ shows the pressure solution. It is important to note that
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there is no body force or shear stress applied to the medium; all deformations are a direct result of the
prescence of tumor cells.
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Figure 5.5: Finite element solutions for ¢ and @, superimposed on the deformed grid at ¢ = 5. The corresponding
simulation parameters are shown in Tables 5.1, 5.2 and 5.3.

Measuring Total Concentration & Volume Fraction
For our second experiment we are interested in the evolution of the total concentration cyo; and total
volume fraction @ as functions of time. There are defined as:

Ctot(t) = / C dQ, q)tot(t) = / P dQ. (584)
Q(t) Q(t)

The initial domain is again Q(0) = (0,1)%. We use a constant initial volume fraction/new tissue volume
of ®(x,y,0) = n(x,y,0) = 0.01, and the initial concentration profile is given by

c(x,y,0) = 162y(1 — z)(1 — y). (5.85)

We use the following simulation parameters:
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Table 5.4: Mechanical parameters.

plue Aelm M|k a
11 11 1|1]o01
Table 5.5: Biological parameters.

)\N ‘ Amax CA ‘ Gmax [&el ‘ rd
0.01 | 2 1] 2 1]o01

Table 5.6: Source functions and boundary conditions.

glfl7]ec o =
0

A constant (initial) meshwidth of h = 0.05v/2 is used. We run the model from ¢ = 0 to ¢ = 50 using a
timestep of size At = 0.25. Figures 5.6a, 5.6b and 5.6¢ show the concentration, new tissue volume and

pressure respectively at ¢ = 10.
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Figure 5.6: Contour plots of finite element solutions for ¢, 7 and p, superimposed on the deformed grid at ¢ = 10. The
corresponding simulation parameters are shown in Tables 5.4, 5.5 and 5.6.
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Figure 5.7 shows the evolution of the total concentration, total new tissue volume and domain area. Note
that the evolution of ciot and nyor look qualitatively similar to that of ¢ and ® in the zero-dimensional
case, see Figure 5.2. Moreover, because we use a = 0.1, the domain has become permanently deformed.
Thus, even when the tumor cells have all died, the domain does not bounce back to its original state.
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Figure 5.7: Total concentration, total new tissue volume and domain area as functions of time.

5.4.2 Configuration (ii)

Recall that compared to configuration (i), in configuration (ii) we replace the condition o -n = 7 with
o:-n+yu =0onI'y(t). To investigate the impact of the ‘pushback’ force, the same initial domain, initial
conditions and simulation parameters are used as in the previous section. They can be found in Tables
5.4, 5.5 and 5.6. Figure 5.8 shows the effect of «v on the evolution of the domain area. Note that for
v = 0, there is no shear force acting on the boundary as a result of the displacement. For higher values of
v, the shear force becomes larger, prohibiting growth and causing the domain to converge to its original
state after n has vanished.
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Figure 5.8: Domain area as a function of time for various values of ~.

5.4.3 Configuration (iii)

We test configuration (iii) using a quarter circle of radius R = 1. We use the following initial concentration
profile:

> (1—(2® +y*)") (1 +sin(4arctan(y/z))) . (5.86)

s

c(0,z,y) =

The factor 5/m ensures that cio1(0) = 1. Moreover, note that arctan(y/z) equals the angular coordinate
o in polar coordinates. Thus, we can also denote this concentration by:

c(0,7, ) = % (1—7®) (1 +sin(4y)). (5.87)

Figure 5.9 shows a contour plot of the above function. Note that for ¢ < 7/4 there is a higher concen-
tration than for ¢ > 7/4. We set ¢ = 0 on the free boundary I's(¢). The term 1 — r® ensures that the
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initial concentration goes smoothly to its boundary value, whilst at the same time keeping the oscillating
behaviour of the sine function in the interior of the domain.
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Figure 5.9: Contour plot of initial concentration (5.86)

Both ® and 7 are set to the constant value of 0.01 on the initial domain. The simulation is performed
until ¢ = 25, using the parameters from Tables 5.7, 5.8 and 5.9, and a timestep of size At = 0.25. A
maximum initial meshwidth of 2 = 0.05/2 is used. Figure 5.10 shows the domain area, total new tissue
volume and total concentration as a function of time. Note that at ¢ = 25 both 7 and ¢y are nearly
zero. However, the domain area seems to converge to a larger value than its initial area. This is due
to the inclusion of morphoelasticity by setting o = 0.1. Although nearly all tumor cells have died, they
have resulted in a permanent deformation in the tissue.
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Figure 5.10: Domain area ||, total new tissue volume 7ot and total oxygen concentration ctot as a function of time.

Figure 5.11 shows the strains at the halfway point of the simulation. Note that the domain is the most
deformed near the z-axis. This is the result of tumor cells growing most rapidly at this position.
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Figure 5.11: Components of the strain tensor at ¢t = 12.5 superimposed on the deformed grid.

An interesting way to visualize the growth of the domain is to consider the distribution of its radius. We
view the outer boundary I's(t) as the graph of an evolving function in polar coordinates:

a(t) = {(r(ent) costi). i) sin(e)) [ o € [0.7]}. (559

Figure 5.12 shows the function r(yp,t) for various values of ¢.
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Figure 5.12: Distribution of the radius of the domain at various points in time.

Figures 5.13a, 5.13b and 5.13c show contour plots of the concentration ¢, new tissue volume 7 and pressure
p at the halfway point of the simulation. Note that the concentration peak is now located at the top
left side of the domain. At t = 0, there was a concentration dip in this area. Thus, no tumor cells have
developed here and hence oxygen is absorbed at a slower rate.
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Figure 5.13: Contour plots of finite element solutions for ¢, n and p, superimposed on the deformed grid at ¢ = 12.5. The
corresponding simulation parameters are found in Tables 5.7, 5.8 and 5.9.

The simulation parameters are presented in the following tables.

Table 5.7: Mechanical parameters.

plme dlm A|k|a
025 [05 051 1 |1]01

Table 5.8: Biological parameters.

AN ‘ Amax CA ‘ Gmax ca ‘ Td
0.001 | 2 1| 2 1|02

Table 5.9: Source functions and boundary conditions.
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Conclusion

In this work a finite element tumor growth model is developed, based on the combination of morpho-
poroelasticity and a biochemcial model. The aim of Part I of this thesis is to gain insight in the behaviour
of various elastic and poroelastic models. Chapter 2 started with a two dimensional finite element model
for pure elasticity. This model is then expanded to viscoelasticity, in which the elastic material is as-
sumed to possess some viscous properties. The viscoelastic model is solved using a Lagrangian approach,
in other words: a moving mesh is used. To compute and simplify the weak forms in a Lagrangian set-
ting, Theorem 3 is used extensively throughout this work. The proof of this theorem relies on Reynold’s
transport theorem, and a result regarding Lagrangian basis functions. An important characteristic of
the solution to a viscoelastic model is its ‘overshoot’ property: the domain oscillates around a stationary
solution.

Next, morphoelasticity is introduced. In a morphoelastic framework the deformation tensor is decom-
posed in an elastic and plastic part. The plastic part causes permanent deformations in the material.
The decomposition leads to an evolution equation for the strain tensor. Hence, an important difference
between a visco- and morphoelastic model is that the displacement vector is no longer explicitly obtained
in the latter model. To obtain the displacement vector, which is necessary to update the mesh, postpro-
cessing is applied in every timestep. Solutions to the morphoelastic model also exhibit the ‘overshoot’
property, but converge to a different stationary solution due to permanent deformation in the material.

Chapter 3 introduces the concept of poroelasticity. In this framework the material is assumed to be
porous and completely saturated with a poro-fluid. The presence of this fluid means that the fluid pres-
sure must be included in the force balance. A well-known problem occuring in poroelastic modeling is the
emergence of non-physical oscillations in the fluid pressure. To explore why this happens we first consider
a one-dimensional simplified poroelastic model called the Terzaghi problem. We find that oscillations oc-
cur for timesteps smaller than a certain lower bound that is dependent on the order of the elements. We
show that for the Terzaghi problem, these oscillations can be completely fixed by introducing a diffusive
stabilization matrix.

In the two-dimensional poroelastic model these oscillations also occur for small timesteps, and for small
values of the parameter k, which is the ratio between the dynamic viscosity of the fluid and the per-
meability of the medium. Two methods of stabilization are compared: bubble functions and diffusive
stabilization. Some oscillations are still present near the domain boundaries when using bubble functions.
Diffusive stabilization seems more promising, but requires the user to specify a tuning parameter. Lastly,
a visco-poroelastic model is developed. Interestingly, in this framework the oscillations occur only for
small values of k, and not for small timesteps.

In Part IT of this thesis we show some novel results. First, the visco-poroelastic model is analyzed in
order to obtain an approximately optimal tuning parameter for the diffusive stabilization. This tuning
parameter is optimal in the sense that it is the smallest parameter for which the evolution matrix for
the pressure is again an M-matrix. The key step of the derivation is finding an approximate inverse of
the discrete version of a reaction-Laplacian operator. This is achieved by considering a closely related
boundary value problem with a delta function in the right-hand side. Error bounds are proved using

84
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functional analytic methods. The optimal tuning parameter turns out to be very similar to those found
in the literature on poroelasticity.

Another novel result is the combination of morpho-and poroelasticity. We develop a finite element model
that combines the permanent deformations of morphoelasticity with poroelastic behaviour. Moreover, it
is shown that that when k approaches infinity, the solution to the morpho-poroelastic system tends to
the solution of the morphoelastic system. However a more rigorous proof of this fact is desired. Using
the same method as for the visco-poroelastic system, an approximately optimal tuning parameter can
also be obtained for diffusive stabilization of the morpho-poroelastic system.

In the final chapter, the morpho-poroelastic model is combined with a biochemical tumor growth model
developed by Roose et al. in [14]. This introduces three new unknowns into the system: the oxygen
concentration, the tumor cell volume fraction and the new tissue volume. The oxygen concentration
satisfies a convection-diffusion equation, where the convective transport is driven by the fluid pressure.
The other two unknowns satisfy two very similar evolution equations with a non-linear source function.
The tumor cell volume fraction takes into account the domain deformation, whereas the new tissue volume
does not. We see that for slowly deforming domains, these two unknowns are almost equal. The qualitative
behaviour of the oxygen concentration and tumor volume fraction is analyzed in a zero-dimensional
setting. Finally, the tumor growth model is tested in a number of different testing configurations.

6.1 Suggestions for Further Work

In order to improve the model or further develop the mathematical theory, we put forward the following
suggestions for futher work:

o We suggest further research should be done to investigate the relation between the strain in a tissue
and the degree of pain a patient experiences. We hypothesize that these two quantities are more or
less proportional. This question introduces the difficulty of quantifying the strain and the amount
of pain, the latter of which is particularly subjective.

e At a certain point in a tumor’s life, it becomes so large that the surrounding tissue collapses. When
this happens, tumor cells can enter the circulatory system and form colonies at other places in
the body. This process is called metastasis. A possible way to formalize this ‘breaking point’ is
to consider the work done by the tumor boundary on the surrounding tissue. Metastasis occurs
whenever this energy reaches a threshold value. The finite element model can be easily adapted to
compute the energy, but additional research is necessary to verify the validity of this approach.

e In Section 4.5.1 we present the argument that the solution to the morpho-poroelastic system ap-
proaches the solution to the morphoelastic system as k£ tends to infinity. In the proof of this
claim some assumptions are made without being proved. Most notably, it is assumed that v stays
bounded. While this seems like a reasonable assumption since v is an H!-function, it should be
proved in future work to make the argument more rigorous.

e A possible way to expand the model is to include additional nutrients. For example, it is known
that next to oxygen, tumor growth is also dependent on the presence of glucose. By including
glucose transport in the model the results will become more realistic. On the other hand, one could
argue that oxygen and glucose are both transported by the same intercellular fluid, and that the
growth rate depends on both nutrients in a similar fashion. Thus, we predict the model output will
not be drastically different.

e An obvious improvement to the model would be to use higher order elements. On one hand, this
will lead to a more accurate solution, but on the other hand the systems will grow in size. We
have shown in Chapter 3 that Taylor-Hood elements lead to a slightly more stable solution, even
without stabilization. Additionally, it could be beneficial to investigate the order of the error made
by the model. Since we use linear basis functions, according to the theory of finite element methods
the error should be of order h2. However, the use of iterative methods, timestepping and possibly
stabilization methods might have a negative impact on the error.

e In the numerical experiments from Section 5.4 we mostly use parameters that are close to unity. For
real world applications realistic values of these parameters should be chosen. However, correct values
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are often unobtainable, in which case the tumor growth model can only be used for approximate,
qualitative predictions.

e A more realistic model can be constructed by considering the three-dimensional equations, which
means a three-dimensional mesh has to be used. An intermediate step would be to consider a
‘pseudo’ three-dimensional model, in which we make use of rotational symmetry. In this case the
model equations have to be adapted.

e In Appendix B we use delta functions to exactly invert the Laplace matrix in one dimension. A
similar approach is used to approximate the inverse of the discrete Reaction-Laplacian operator in
one dimension. We are interested to see if this method of finding (approximate) inverses is also
applicable in two dimensions. It is expected to be more difficult because the Green’s function of
the Laplacian contains a singularity.

6.2 Suggestions for Improving Model Performance

The current implementation should be regarded as a proof of concept rather than a well-optimized
numerical model. The simulations performed in Section 5.4 take only a few minutes, but the meshes are
quite coarse. If the model is to be converted to three dimensions, the systems will grow from size O(n?)
to O(n?), where n is the number of meshpoints. Using the current implementation the conversion from
two to three dimensions will not be computationally feasible. There are numerous ways to improve its
performance. We list a number of suggestions.

e To get more accurate results for growing domains remeshing could be applied. In the current
implementation elements are deformed as a result of moving grid nodes. By generating a new,
higher quality mesh every few timesteps the accuracy can be improved. The current mesh generating
library, dmsh, is rather slow. Thus, for the purpose of remeshing it should be replaced. A possible
candidate is the library MeshPy, which provides a Python interface to the two-dimensional mesh
generator Triangle. This package less user-friendly but much faster. Another downside of dmsh is
that it does not support three-dimensional meshes.

e To improve the computation time the model could be translated to C++ code. The most drastic
speed-up will be seen in the matrix construction step. In the current model, all matrices are con-
structed by looping over every element and adding the corresponding contributions to the relevant
matrix entries. Loops in Python are known to be slow compared to C or C++ loops. We suspect
that the speed-up in the solving step is much smaller, because the libraries NumPy and SciPy
already use C code ‘under the hood’

e Another advantage of C++ is the ability to easily adapt the code to run on a GPU. Both the matrix
construction step and (sparse) system solving step can be performed in parallel, potentially leading
to drastic speed-ups.
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Element Integrals

In this chapter, various integrals that appear in the Galerkin equations are computed over a triangular
element. We consider the element T with vertices @1, x5 and 3. We use linear basis functions and
triangular elements, and write

pi(z,y) = iz + Biy + i (A1)

for ¢ € {1,2,3}. Thus, whenever the partial derivatives of a basis function appear, we substitute

Opi = and O

The o; and f§; can be computed using the relation ¢;(x;) = 1, leading to the linear system

1 oy 1 Q
T2 Y2 1 Bi | = e, (A.3)
r3 ys 1 Vi

where e; contains a 1 in its ¢’th position and zeroes otherwise. The area of the triangle T' can also be
expressed in terms of the matrix above:

1 r1r Y1 1
z3 ys 1

This follows from a well-known theorem by Holand & Bell, see for example [17]. In this chapter we will
give the element matrices and vectors corresponding to matrices and vectors found in the main text of
this work. For example, let us consider a mass matrix, often defined as

Mi; =/Q%%‘ de. (A.5)

To construct this matrix, we look at the contribution each element in the triangulation makes per entry:

M= /TSOz"Pj dQ. (A.6)

TeT

Note that we can also view the summand in the right-hand side as an n x n matrix. However, since the
linear basis functions ¢; and ¢; are only non-zero on elements containing grid node 7 or j respectively,
this matrix will have 9 non-zero entries. These entries correspond to the integrals in which both grid node
© and j are vertices of 7. When constructing M, it is therefore sufficient to compute for each element T’
the 3 x 3 matrix

(Mr)ij = / eire;r di, (A7)
T
for i,7 € {1,2,3}. Here we use (i,T) to denote the i’th vertex of T In the following sections, we simply

write 7 instead of (i,T), since it is clear from the context that only one element and its three vertices are
considered.
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A.1 Pure Elasticity

We give the element matrices and vectors corresponding to the objects found in system (2.25) from
Section 2.2.2. The 3 x 3 element block matrices S, S S21 and S?? are given by

;i 0p: 1 9p; O 1
(515 = [ NP 4 T an — 7 (<u+A>aiaj+2umj), (A8)
dp; Op; 1 Op; Op; 1
12y _ J Y¥y _ -
(ST)ij A or 0y Sk 9y Oz dQ |T| ()\alﬁj + 2#@%) , (A.9)
21y _ [ 1 OpiOp; | Opi Oy,
(ST)ij —/ 2u o —ay + A 9y Or dQ =|T] uazﬂj + ABia; (A.10)

1 0p; 0 d¢pi 0
P = [ g+ NG an T|( pev; + <u+A>mj), (A11)

Using the outer product of two vectors, the element matrices can be written in the following form:

= |T| ((u +Naa’ + ;wf) 7 (A.12)
(/\a,B + uﬂa > (A.13)
=|T| (;,uaﬂT + \Ba ) (A.14)
— 7| (;uaa + M+A),8,BT> (A.15)
Where o and 8 are the column vectors
g B
a=|a|, B=|Bf]. (A.16)
as B3

Expressions (A.8)-(A.11) can be used to construct (2.30)-(2.33) by summing over all elements. The
entries of the right-hand side vectors g and T can be approximated on the triangle 7" using a first order
Newton-Cotes rule:

T .
@hi= [ et a0~ Tl -1z (A17)

And similarly for (g2);. Let T be the boundary element (line) connecting the mesh points x; and xs.
The boundary element vector component (T}B)i is approximated by

T
(T1)i = / @it dl' & @rl(sci), i=1,2. (A.18)
T 2

Where |Ts] is the length of Ts. The complete vector can be found by summing the (boundary) element
vector components over all elements and boundary elements respectively. For example, we have

(¢ =Y (9r)i» and  (t)i= D (4,)i, (A.19)

TeT Ts€TB

where T denotes a triangulation of 2 and 75 is the corresponding partition of I';.

A.2 Morphoelasticity

We give all element matrices and vectors relative to T" of the objects that make up the system in (2.109)
and (2.119). First, consider the mass matrix:

i)

M.
=12

(A.20)

— = N
— N =
DO =
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Next, we consider the blocks that make up the viscous stress matrix. Note that the elastic stress matrix
Se1 found in sections 2.2 and 2.3 is very similar. Compared to the the following expressions, the parameters
Ly, Ay should be replaced by pe, Ac.

oo ey 0qas 1 B1Br Bi1B2 BiP3
(Se )T = |T|(o + Ao) |200  aoas  asaz| + §|T|Mv BB B2B2 B283], (A.21)
3y Q3 Q3Qg B3B1 B3B2 P383
a1 a1fla a1f3 1 Bron  Brae  Pras
(Se2)r =T A |2B1 a2fa asBs| + §|T|Mv Bacry  Baon  Poas| (A.22)
asfi azfBa aszfs _53041 Baag 53043_
1 (181 12 o1fs Bron  Brae  Pras
(5\2;115)T = §|T‘,U,v Oégﬁl 042[32 04253 + |T|)\v /82051 /820é2 ﬂgag 3 (A23)
_04351 azfa  azfs ﬁsal B3z 53043_
1 ol apap oqag B1Br BiB2 BiP3
(S2)r = §|T\,uv azoy opay  asas | +|T|(Ay + ) [B2B1 B2B2 B2B3] (A.24)
a3 azaz azas B3P BsP2 P3Ps

The block matrices B, and B, frequently occur in the system, its element matrices are given by:

\T| ap o1 (g \T| 51 51 51
(By)r = 3 |2 a2 o2, (By)r = 3 B2 B2 B2 . (A.25)
a3 (3 Q3 63 53 63

Furthermore, the element vectors are given by:

g9'(z1) 9% (1)
(9")r = @ g z2) |, (9P = @ g (x2) | (A.26)
g'(z3) 9*(x3)
Gll(wl) GlQ(ml) G22($1)
@=Ll o], @ =B a2, @mr=b @)  an
Gll(wg) Glz(ilig) G22(il33)

Let us now consider the element matrices involving the non-linear part of (2.109). Note that we can view
(N*)p and (NY)r as 3 x 3 x 3 tensors that we can write as

(V) )ik = o L (1 48), (V)i = B2 (146, (A.28)

Thus, we get the following element matrices:

|T| _20[1 2@2 2C¥3
(N*)r)r.. = ap o o3|, (A.29)
aq a2 a3

[cn a3

N F
(N*)7)2. = 20 200 203, (A.30)
aq a2 a3

|T| _Oél (65) Oég_
(N)r)s. = — |oa a2 as|, (A.31)

8 _2a1 2042 20[3_
and

7| (281 28, 285

(N*)1)r. = 3 B B2 Bs |, (A.32)
pr B2 B3]
IT| [B1 B2 Bs ]|

(N¥)1)2.. = 3 260 282 203, (A.33)
|61 B2 B3]
IT| [B1 B2 Bs ]|

(N)7)s. === | B Bz B (A.34)
281 282 2fs
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Finally, let Ts be the boundary element connecting vertices 1 and x2, then:

(), = 1221 [Tl(ml)} . () = @ [igi;;] : (A.35)

2 [7!(=2)
where |Tg| denotes the length of T'p.

A.3 Bubble Functions

We give the element matrices and vector corresponding to bubble matrices Sy, D, and bubble vector g,
from Section 3.3.2. Let ¢y be the bubble function corresponding to element T}, where k € {1,...,nr}.

(S3 k= (1 +A) L k ag;’“ ag” B Ao+ % X 89;;;’“ agzk o (A.36)
(S8 =2 | 8?;"“ agzk do + §u /T k a‘g;’“ % do (A.37)
(2" ik = %u . 8?;’“ 62;’“ aea a‘g—;’“% do (A.38)
(S22) = %ﬂ /T 85;’“ 33;’“ dQ + (n+ \) /T k ‘92’2”“ 3?;’“ o (A.39)

Note that all the S, blocks are diagonal matrices, because a bubble-function is only non-zero on its
corresponding element. This is also why can integrate over T} instead of 2. The three distinct integrals
in the above formulas are given by:

Owp 1 Oy i 81| T |
r, Or Oz dQ = — o= [af + a102 + af + aza3 + af + aras] (A.40)
Opb,c Opb,k 81|Ty|
: — dQ = 2
n 0x Oy 20 2t taifs
+aafi + 20282 + o fs + azfbi + azfa + 2a3 3] (A.41)

0w, 1 Oy i 40 — 81|Tk|
. Oy Oy

(BT + B1B2 + B3 + BafBs + B3 + B1Ps) (A.42)

The matrix Dy is also subdivided into blocks: Dy = (D; Df). They are given component-wise by:

b,k / Ou,k
D)kj = dqQ, D) = dqQ, A.43
( b)kj /Qh o 7/}1 ( b)kj a, Ay "/’J ( )
where k € {1,...,np} and j € {1,...,n} and ©; is a linear basis function. The corresponding element
matrices are given by:
9|1 a1 + 209 + 2a3 9| B1+ 252 + 203
(Db) TO 20[1 + a2 + 20(3 5 (Db) TO 2/81 + ,82 + 2/83 . (A44)

2001 + 20 + a3 261+ 282 + B3

We also write g* = ((g})™, (g7)™) ", they are given by:

(gh)m = /T oor(d)m AR, (gh)E = /T oor(g?)™ de. (A.45)
k k

The integral is approximated using Newton-Cotes quadrature, where we use the barycentric coordinates
of T}, to linearly approximate g and g2. Holand & Bell’s theorem can then be used to exactly compute
the resulting integrals, such that we obtain:

3|T;
G~ (g, 1) 4 9 ) + 0" (2, £7). (A46)

i
(Qg)Tk,“ 20

(¢ (z1,t™) + ¢* (@2, t™) + g* (23, t™)) . (A.47)
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A.4 Tumor Growth Model

Although most integrals found in the tumor growth model have already been calculated in previous
sections, a handful of new ones are introduced. Note that the last integral in (5.56) is a kind of mass
matrix with an additional basis function, we denote it by:

((MZ)T)ij=/<pe,T<picpj da. (A.48)
T
Its element matrices are given by:
6 2 2 2 21 2 1 2
T T T
(/W)zc% 2 2 1, (M2)T:% 2 6 2|, (Mg)Tz% 12 2. (A.49)
2 1 2 1 2 2 2 2 6

The above integral also occurs in (5.66). The other integral in this equation is similar, but contains yet
another basis function. We denote it by

(Mre)r)ij = / @i oK, TPe,T A (A.50)
T

Its nine corresponding element matrices are given by

12 3 3] 3 2 1 3 1 2]

T T T
(Mu)T:% 2 1 (MIQ)T:% 2 31 (MIS)T:% 1 11
3.1 2 11 1 2 1 3]
3 2 1] 2 3 1 1 1 1]

T T T
(Mm)T:% > 31 (MQQ)F% 3 12 3 (M23)T:% 13 2
11 1 1 3 2 1 2 3]
3 1 2] 1 1 1 2 1 3

T T T
(M31)T=%(‘) 1 1 1 (Mgg)TZ%(‘) 1 3 2 (Mgg)TZ%(‘) 1 2 3
2 1 3] 1 2 3 3 3 12




Matrix Inversion by Analyzing Delta
Problems

B.1 Inverting the Laplace Matrix in 1D

In section 4.3.3 we computed an approximation to the inverse of a discrete differential operator. It turns
out that for the Laplace operator, this approximation is exact. We analyze the following equation:

—u" =(x — a), z € (0,1) (B.1)

where a € (0,1). A number of different sets of boundary conditions can be imposed. We will first consider
homogeneous Dirichlet boundary conditions:

u(0) = u(1) = 0. (B.2)

Later we will also consider different sets of boundary conditions. The exact (weak) solution to (B.1)-(B.2)
is given by:
u(z)=(1—-a)r— (v —a)H(x —a), (B.3)

where H(+) is the Heaviside step-function. The exact solution can be verified by integrating the differential
equation twice, and substituting the boundary condtions to obtain the values of the integration constants.
Another option would be to use the Laplace transform. Note that u is not a classical solution, but we do
have u € H*(0,1). We build a finite element model to approximate the solution to (B.1). First, consider
the weak form:

Find u € H}(0,1) such that

1
/ u'¢" dz = p(a), Yo € HE(0,1), (B.4)
0

where H}(0,1) = {u € H'(0,1) : u(0) = u(1) = 0}.

Divide (0,1) into a uniform mesh consisting of n + 1 elements. Let h = 1/(n + 1) be the meshwidth and
let z; = ih be a grid point for ¢ = 0,...,n+1. Note that since u(0) = u(1) = 0, the unknowns are located
at x1,...,%,. Let ¢; be a piecewice linear basis function such that ¢;(x;) = J;;, and let u, be the finite
element approximation to u. We write

up(r) = ch%(x)- (B.5)

Substitute wuyp, into the weak form (B.4), and set ¢ = ¢; to obtain

n

1
ch/ pi de = wi(a), i=1,...,n. (B.6)
0

Jj=1

93
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We let a coincide with one of the grid points, say a = xy, for some k € {1,...,n}. Then (B.6) turns into:
n 1
ch/ @iy da = dig, i=1,...,n. (B.7)
j=1 70
Let
1
Sij = / vy da, (B.8)
0
then the matrix S is given by
2 -1
-1 2 -1
5= 1 : (B.9)
=5 ) .
-1 2 -1
-1 2

Theorem 12. Let the n x n matriz S be given by (B.9), and let e}, be the k’th standard basis vector in
R"™, such that e], = 0. Then the vector vy, € R"™ given by

vl = (1 —ap)a; — (x; — o) H(G — k) (B.10)
solves the equation Svy, = ey, for k =1,...,n. Therefore, the entries of S~1 are defined by (B.10).

Proof. We use Céa’s Lemma to prove the theorem. Let u and uj, be the exact solution and finite element
solution respectively. Assume that u;, satisfies (B.7). Then by Céa’s Lemma we have

" = up 20,1y < ' = '] 2(0,1)

for all v € Span{p;}"_,. Note that w is linear on each element. Thus, by choosing for v the linear
interpolant of u, the error becomes zero. Then, by the Poincaré inequality we obtain

lu = unllr2(0,1) < elle’ = upllr2(0,1) <O

Because the finite element error is zero, expression (B.3) can be used to construct the finite element
solution. Thus, by setting a = z in (B.3), we find that the solution to Svy = ey is given by:

vl = (1—ap)a; — (2 — 2p)H(j — k).

Consider the matrix equation

S('vl vn) = (61 en) =1,
then it is clear that
S = (v1 vn).
O
Since we have found an expression for the inverse of S, general systems of the form
Su=f (B.11)
can now easily be solved by setting
u = Z fkvk. (BlQ)
k=1
B.2 Connection to Green’s Functions
It is well known that for any linear differential operator L, the problem
Lu(z) = f(x) (B.13)

can be solved exactly by using the Green’s function corresponding to L. The Green’s function G(z, s)
satisfies the equation
LG(z,s) = d(x — s). (B.14)
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Then the solution to (B.13) is given by

u(z) = /G(x,s)f(s) ds. (B.15)

This can be easily verified by noting that L is linear and only acts on the variable x, thus:
Lu(zx) = L/G(:c, s)f(s) ds
= /LG(az,s)f(s) ds

= /5(&0— s)f(z) ds
= f(z)

2

Note that in our case L = —dd? with boundary conditions (B.2). The corresponding Green’s function is

given by (B.3). We rewrite it to fit the notation of this section:
G(z,s)=(1—s)x—(xz—s)H(x — s). (B.16)

By the previous section, we know that G(x, z) is approximated exactly in a grid point = by the solution
to Svp = ey, where S is given in (B.9). This fact can be used to prove that the finite element scheme,
as introduced in the previous section, also approximates the solution to arbitrary problems of the form
—u"(z) = f(z) exactly.

Theorem 13. Assume that u satisfies —u" (x) = f(x) and the boundary conditions (B.2). Let uyp, be the
corresponding finite element solution using linear basis functions on a uniform grid of n + 1 elements.
We write

un(z) =Y ujp;(x). (B.17)
j=1

Let the vector w contain the coefficients u;. Then it satisfies the equation Su = f, where the matriz S is
given by (B.9) and f is defined pointwise by

fi= / f(@)pi(z) da. (B.18)

Then up(x;) = u(z;) in each grid point x;.

For general functions f, the integrals in the right-hand side of (B.18) are usually approximated using
some sort of Newton-Cotes quadrature rule. For the proof to hold, we need the elements of f to be exact.

Proof. Since u satisfies Su = f, by (B.11) and (B.12) we can write

u = Z fkvk.
k=1
It follows that

frvy,

NE

up(x;) =

ES
Il
—

[
NE

G(wi, xr) fr

~
Il
-

[
NE

Gl 1) / (@) i) da

1

F@) Y Glai,xr)pr(x) da
k=1

I
s— T

0
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Note that

n

> Glai,zx)pi(x)

k=1

is the linear interpolant of x — G(x;,x), which is itself linear on each element, as can be seen in (B.16).
It therefore follows that

> Glai, wr)pr(@) = Glag, x)
k=1

for all z € (0,1). Thus:
1
up(z;) = / f(@)G(z;, x) de = u(z;)
0
by the definition of the Green’s function and identity (B.15). O

Note that we can compute the integrals in (B.18) exactly for many different types of functions. For
example: polynomials, piecewise polynomials, exponential functions, trigonometric function, et cetera.
For all these types of source functions, the finite element approximation is exact.

B.3 Generalization to Non-Uniform Mesh

Note that the proof of Theorem 12 does not rely on the fact that the mesh is uniform. Consider a
non-uniform mesh consisting of n + 1 elements. Let h; be the length of the i’th element, and define the
gridpoints by z; — ;1 = h;, where g = 0 and z,41 = 1. Then the matrix S is now given by:

hfl 4 h;l _hgl
—h2_1 h2—1 +h3_1 _hgl
S = : . (B.19)
—h,ty byt 4Ry —h,!
—ht hot + ity
The entries of the inverse of S are again given by (B.10).
B.4 Higher Order Problems
The theory can easily be extended to higher order problems. For example, we can solve
S%u = f (B.20)
by solving subsequently
Su; = f, and Su=u;. (B.21)
We then get
) n . n n .
uw = Zu’fvi = frofvl. (B.22)
k=1 k=1¢=1
More generally, we can solve
SPu = f (B.23)
by setting
Su; = f
SU2 = U

Su, = up_1,
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and u = u,. We then get the following cascading solution:

Qp—1_14
u—g U,y Vg,

Qap—1

_ Ap ap—1
=D D ups v,

Op—2 Op—1

— (e 75) a1 Oéz .. (0% 1 7
g g fovgevar - vgPTiug (B.24)
Qp—1
From the above expression we can derive the inverse of SP element-wise. Indeed, we must have

’U/i = Z(S_p>ijfj, (B25)

j=1

and thus we find

(S7P) j{: j{: SRR L A T (B.26)

Qp—1

By choosing the right boundary conditions and order of the basis functions, the systems SPu = f
correspond to finite element approximations of higher order problems —u(®) = f. We will not investigate
these connections any further at this time.

B.5 Mixed Boundary Conditions

To illustrate that we can also exactly invert other Laplace matrices, different boundary conditions are
considered. We impose the following Robin or mixed boundary conditions:

— 4/ (0) + apu(0) =0, /(1) + ayu(l) =0. (B.27)
Integrating twice gives the following weak solution to this problem:
u(z) =cop+ 1z — H(x — a)(x — a), (B.28)
where the integration constants are given by

o — 041(1—&)+1 . _040051(1—(1)+a0
0 a0+a0a1+a17 ! oo + g + g '

Note that a solution only exists whenever ag + aga; + a3 # 0. Due to the different choice of boundary
conditions, the corresponding weak form is also different:

Find u € H'(0,1) such that

o(a), Yo € H(0,1). (B.29)

1
| e da+ auu(0)p(0) + aru(ne)

We consider again a uniform grid with n 4+ 1 and meshwidth A = 1/(n + 1). The unknowns are now
located at xg,x1,...,Tnt1, where x; = ih. Also let a equal one of the grid points; a = z; for some
k € {0,...,n+ 1}. Then the system of Galerkin equations is given by Su, = ey, where ey, is the k’th
standard basis vector and S is the (n + 2) x (n + 2) matrix

1+ Ckoh -1
-1 2 -1

§—— : (B.30)
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The proof of Theorem 12 can be repeated almost exactly to show that the inverse of S is given by the

exact solution (B.28) evaluated at the grid points:

S’jfkl =co+az; — (v;—ar)H( — k)
(a1(1—a)+1)(1 + aoz;)

= —(zj —xp)H(j — k).

o + gy + o

(B.31)
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