Chapter 4
Damage in Vascular Tissues and Its Modeling

T. Christian Gasser

Abstract The present chapter reviews vessel wall histology and summarizes rele-
vant continuum mechanical concepts to study mechanics-induced tissue damage. As
long as the accumulated damage does not trigger strain localizations, the standard
nonpolar continuum mechanical framework is applicable. As an example, a damage
model for collagenous tissue is discussed and used to predict collagen damage in
the aneurysm wall at supra-physiologic loading. The physical meaning of model
parameters allow their straight forward identification from independent mechani-
cal and histological experimental data. In contrast, if damage accumulates until the
material’s stiffness looses its strong ellipticity, more advanced continuum mechan-
ical approaches are required. Specifically, modeling vascular failure by a fracture
process zone is discussed, such that initialization and coalescence of micro-defects
is mechanically represented by a phenomenological cohesive traction separation
law. Failure of ventricular tissue due to deep penetration illustrates the applicabil-
ity of the model. Besides appropriate continuum mechanical approaches, laboratory
experiments that are sensitive to constitutive model parameters and ensure controlled
failure propagation are crucial for a robust parameter identification of failure models.

4.1 Introduction

Understanding damage mechanisms of soft biological tissue is critical to the sensitive
and specific characterization of tissue injury tolerance. Such knowledge may help
improving clinical treatment planning by accurately assessing the rupture risk of
Abdominal Aortic Aneurysms (AAAs) or the vulnerability of carotid plaques, for
example. In addition, design optimization of medical devices critically depends on the
proper understanding of short-term and long-term damage effects on the interaction
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of such devices with the biological tissue. Relating tissue chemical morphology to
engineering concepts like constitutive models, i.e., histomechanical modeling is one
promising way to better understanding tissue damage.

Mechanical force is transmitted from the macroscopic (tissue) length scale down
to the atomistic length scale, and different microstructural constituents are loaded
differently. Consequently, raising the macroscopic load leads to local stress concen-
trations in the tissue, and, if high enough, starts damaging it at specific spots. For
example, micro-defects like breakage and/or pull-out of collagen fibrils gradually
develop, which in turn weakens/softens the tissue. In healthy tissues at physiological
stress levels, healing continuously repairs such defects in order to maintain the tis-
sue’s structural integrity. For example in bones, osteoclasts remove damaged tissue
which is then newly formed by osteoblasts. However, at supra-physiological stress
level or for diseased tissues, healing cannot fully repair such micro-defects and the
tissue continues to accumulate weak links, which in turn irreversibly diminish its
strength. If the damage level, i.e., the numbers of defects per tissue volume exceeds
a certain threshold, micro-defects join each other, and form macro-defects. Finally,
a single macro-defect may propagate and finally rupture the tissue.

Despite increasing experimental and analytical efforts to investigate failure-
related irreversible effects of soft biological tissue, the underlying mechanisms are
still poorly understood. There is still no clear definition of what damage is, and con-
ventional indicators of mechanical injury (such as visible failure and loss of stiffness)
may not identify the tissue’s tolerance to injury appropriately. Micro-defects locally
weaken the material and a Kachanov-like [1] damage parameter can only represent
damage of inert material, but neglects all biological aspects of tissue damage. Con-
sequently, a more complete definition of damage in a biological tissue is needed, and
“a description of the mechanical and physiological changes that result in anatomical
and functional damage” [2] defines more broadly damage of soft biological tissues.
Clearly, damage mechanisms and specific injury tolerance is closely related to the
individual tissue type.

This chapter adresses only the passive mechanical aspects of vascular tissue. Its
first section outlines general consequences of damage and failure on the solution
of (initial) boundary value problems. The second section reviews tissue histology
with focus on the collagen in vessel walls. Then, a histologically motivated constitu-
tive model for collagenous soft biological tissue for supra-physiological stress states
is introduced. Finally, a continuum mechanics concept for strain localization prob-
lems is reviewed, and representative examples demonstrate the proposed modeling
approaches.
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4.2 Continuum Mechanical Consequences
of Damage—The Basics

Local damage diminishes local tissue stiffness, and, if massively enough, defines a
strain softening material. For a strain softening material the stress decreases with
increasing strain, such that the tissue’s stiffness matrix is no longer positive defi-
nite. This changes the fundamental physics of the underlying mechanical problem,
which is demonstrated by a simple rod under tension shown in Fig.4.1. The rod
of cross-section A is made of a material with a strain-dependent Young’s modulus
E (). Here, the strain e = u’ = 0u/0x depends on the displacement u, and the nota-
tions ii = 0>u/0t*> and u” = 0%u/Ox” are used. Equilibrium along the axial direc-
tion, i.e., —pAdxii — Alo]; + Alo]y+dax = 0, leads, with the Taylor series expansion
[o]itax = [o]s + [E(s)d2u/dx2]xdx + O(2), to the governing equation

E
ii—cu’ =0 withc = ©) , 4.1)
P

with O(2) denoting second-order terms. Most important, the parameter ¢ renders the
physics of the problem, i.e., for ¢ < 0 the problem is hyperbolic, while for ¢ > 0itis
elliptic. Consequently, for E(¢) > 0 waves can propagate along the rod, while this is
prohibited for E (¢) < 0, i.e., at strain softening conditions. For the multidimensional
small strain case the 1D condition E (¢) > 0 relates to the strong ellipticity condition.
This condition states that Ae : C: Ae > 0 for all possible strain increments Aeg,
where C denotes the (nonconstant) elasticity tensor [3]. For finite strain problems a
similar condition holds [4, 5].

4.2.1 Strain Localization

Following [6], strain localization is considered in a rod of length L that is discretized
by n finite elements of equal lengths. The rod’s material follows the bilinear stress

Fig. 4.1 Forces acting on
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versus strain law as shown in Fig.4.2. First, the stress increases linearly (at the
stiffness E) until it reaches the elastic limit stress Y, and then it decreases linearly
(at the softening /) until it is stress-free.

The rod’s right end is pulled to the right, at the gradually increasing displacement
Ay. In response to that, the load F in the rod gradually increases to the maximum
load F = Fpx (state (b) in Fig.4.2), where all finite elements are strained equally
€ = A /L. Further increase in A causes a reduction of the load F and the solution
bifurcates. Specifically, a single element (the one with the (numerically) smallest
cross-section; in Fig. 4.2 this element is filled grey) follows the strain softening path,
while all the other finite elements elastically unload (state (c) in Fig. 4.2) until the rod
is completely stress-free (state (d) in Fig.4.2). Consequently, the grey finite element
in Fig. 4.2 accumulates the total strain, i.e., it developed a strain localization.

Next we introduce the averaged (smeared) strain

AL = ey ey = LT DIHY Yoo )
E=A/ _L[n— 5~|—5]—n|: X + A i|, .

all over the rod. Here, e = o/k and €* = Y /k + (Y — o)/ h denote the strain in the
n — 1 non-localized and in the one localized finite elements, respectively. In order
to derive this relation, the equilibrium, i.e., equal stress o in all finite elements, was
used. Relation (4.2) is linear and can be inverted to express the stress versus averaged
strain response
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_ Ehkn = Y(h + k)

hn—1) —k “-3)

Most importantly, Eq. (4.2) depends on the number » of finite elements, i.e., on the
used discretization. Figure 4.3 illustrates this dependence.
4.2.2 Dissipation

The dissipation for complete failure relates to the energy per reference volume that
is dissipated until the force diminishes and reads

1
1

1 1

Y? Y2 /1 1
D= [ odi=— dg=—(-+-). 4.4
/05 2k+/05 2n(h+k) 4.4
0

0

o1

Here, &g = Y/k and & = Y (h 4 k)/(hkn) denote the strains at the elastic limit and
at zero stress (complete failure), respectively. This relation can also be derived by
taking the dissipation of the localized element Y?(1/k + 1/h)/2 and weighting it
according to the volume ratio, i.e., by 1/n.

Again, the total dissipation depends on the number 7 of finite elements used to
discretize the rod. Most surprisingly, the dissipation vanishes for n — oo, i.e., the
continuum solution of the problem. This was already indicated in Fig.4.3a (case
n = 10 000), where loading and unloading pathes were practically identical. This
is an obviously nonphysical result (How can an inherently dissipative process like
damage have no dissipation?) and direct consequence of localization. Specifically,
for this (non-regularized) case the material volume that is affected by the localization
tends to zero, such that also the dissipation vanishes. It is emphasized that this is not
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Fig. 4.3 Stress—strain response of a rod discretized by n number of elements and using non-
regularized (a) and regularized (b) approaches. The case uses an initial elastic stiffness £ = 10 MPa
and a elastic limit ¥ = 1 MPa. Localization is induced by linear softening 7 = 1 MPa (a), and the
regularized linear softening 4 = 1/n MPa (b), respectively
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a problem of the finite element model but the hypothetical entity of a nonpolar
continuum yields vanishing localization volume [7]. In contrast to the volume, the
localization defines a surface, which area remains finite, i.e., for the above discussed
rod problem, the localization area is equal to the rod’s cross-sectional area A.

4.2.3 Regularization

For every material, the material’s microstructure prevents from a vanishing localiza-
tion volume. For example in collagenous tissues at tensile failure, the length of the
pulled-out collagen fibers introduces an internal length scale, which in turn leads to
a finite localization volume. Such an internal length scale can also be introduced in
the model to prevent from a vanishing localization volume. The simplest solution is
to relate the softening modulus / to the finite element size according to fie = h/n.
Consequently, the regularized averaged strain and the regularized dissipation (i.e.,
regularized versions of Eqgs. (4.2) and (4.4)) read:

_ _1 n—1Do+Y Y—0o ) _Y2 1 1
Ereg—;|: A +h/ni|’,Dreg—E(m+%)- 4.5)

The stress versus regularized strain is shown in Fig.4.3b, and it is noted that the
regularized dissipation of the continuum problem Dieg ;00 = Y?/(2h) yields the
physically correct result. Despite such a regularization fully resolves the 1D problem,
itleads to stress locking for general 3D problems that is discretized by an unstructured
FE mesh. More advanced approaches will be discussed in Sect. 4.5 of this chapter.

4.2.4 Experimental Consequences

Experimental tensile testing into the strain softening region forms at least one local-
ization (failure) zone, which is schematically illustrated in Fig. 4.4. Consequently, the
data, thatis recorded in the softening region (i.e., post the localization) is dependent on
the marker positions, which were used to calculate the averaged strainé = (/ — L) /L.
Here, [ and L denote the spatial and referential distances between two markers, see
Fig.4.4. Markers that are close to the localization zone (case (a) in Fig.4.4) yield a
rather ductile response, while markers that are far away from the localization zone
(case (c) in Fig.4.4) show much more brittle test results. Case (c) shows even snap-
back, i.e., average strain and force decrease with failure progression. In such a case
neither force-control nor clamp displacement-control can ensure stable failure pro-
gression, and other control mechanism are needed.
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Fig. 4.4 Tensile experiment to complete tissue failure. Averaged strains £ are computed from three
different sets of markers, i.e., & = (l; — L;)/L; i = 1,2,3 with [ and L denoting deformed and
undeformed distances between markers, respectively. To the right the schematic averaged strain
versus stress curves that are associated with the three different sets of marker positions are shown

Summary Mechanical damage triggers micro-defects, which diminishes tissue
stiffness. Continuous accumulation of damage may lead to coalescence of micro-
defects and the formation of strain localization. A strain localization is triggered as
soon as the strong ellipticity condition is violated, and requires regularized compu-
tational models paired with properly controlled experimental designs.

4.3 Histology of the Vessel Wall

A sound histological understanding is imperative for the mechanical characterization
of vascular tissue. The vessel wall is composed of intima, media, and adventitia (see
Fig.4.5), layers that adapt to their functional needs within certain physiologic limits.

The intima is the innermost layer of the artery. It comprises primarily a single
layer of endothelial cells lining the arterial wall, resting on a thin basal membrane,
and a subendothelial layer of varying thickness (depending on topography, age, and
disease).

The media is the middle layer of the artery and consists of a complex three-
dimensional network of Smooth Muscle Cells (SMCs), elastin and bundles of colla-
gen fibrils, structures that are arranged in repeating Medial Lamellar Units (MLU)
[8]. The thickness of MLUs is independent of the radial location in the wall and the
number of units increases with increasing vessel diameter. The tension carried by
a single MLU in the normal wall remains constant at about 2 + 0.4 N/m [8]. The
layered structure is lost towards the periphery and clear MLUs are hardly seen in
muscular arteries.
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Fig. 4.5 Histomechanical idealization of a young and normal elastic artery. It is composed of three
layers: intima (I), media (M), adventitia (A). The intima is the innermost layer consisting of a single
layer of endothelial cells, a thin basal membrane and a subendothelial layer. Smooth Muscle Cells
(SMCs), elastin, and collagen are key mechanical constituents in the media arranged in a number
of Medial Lamellar Units (MLUs). In the adventitia the primary constituents are collagen fibers
and fibroblasts. Collagen fibers are assembled by collagen fibrils of different undulations that are
interlinked by ProteoGlycan (PG) bridges

The adventitia is the outermost layer of the artery and consists mainly of fibroblasts
and ExtraCellular Matrix (ECM) that contains thick bundles of collagen fibrils. The
adventitia is surrounded by loose connective tissue that anchors the vessel in the
body. The thickness of the adventitia depends strongly on the physiological function
of the blood vessel and its topographical site.
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4.3.1 The Extracellular Matrix

The ECM provides an essential supporting scaffold for the structural and functional
properties of vessel walls. The ECM mainly contains elastin, collagen, and proteogly-
cans (PGs) [9] and their three-dimensional organization is vital to accomplish proper
physiological functions. The ECM, therefore, rather than being merely a system of
scaffolding for the surrounding cells, is an active mechanical structure that controls
the micro-mechanical and macro-mechanical environments to which vascular tissue
is exposed.

While elastin in the ECM is a stable protein having half-life times of tens of
years [10], collagen is normally in a continuous state of deposition and degradation
[11] at a normal half-life time of 60—70 days [12]. Physiological maintenance of the
collagen structure relies on a delicate (coupled) balance between degradation and
synthesis. Fibroblasts, myofibroblasts, SMCs, and other cells perceive changes in
the mechanical strains/stresses and adjust their expression and synthesis of collagen
molecules in order to account for the changes in their micro-mechanical environment.
In parallel, collagen is continuously degraded by matrix metalloproteinases (MMPs).

4.3.2 Collagen and Its Organization

Collagen determines the mechanics of the vessel wall at high loads, i.e., loading
states that are of primary interest when studying mechanics-induced accumulation
of damage. Collagen fibrils, with diameters ranging from fifty to a few hundreds of
nanometers are the basic building blocks of fibrous collagenous tissues [13]. Clearly,
the way how fibrils are organized into suprafibrilar structures has a large impact
on the tissue’s macroscopic mechanical properties. Already 60 years ago Roach and
Burton [14] reported that collagen mainly determines the mechanical properties
of arterial tissue at high strain levels. Since that time a direct correlation between
the collagen content and the tissue’s stiffness and strength has become generally
accepted. Earlier observations indicated that the collagen-rich abdominal aorta was
stiffer than the collagen-poor thoracic aorta [15, 16] and later regional variations
of aortic properties were specifically documented, see [17] for example. Numerous
further references were provided by the seminal works of Fung [18] and Humphrey
[19]. Besides the amount of collagen fibers in the wall, also their spatial orientation
[13] (and their spread in orientations [20]) are critical microstructural parameters
with significant implications on the tissue’s macroscopic mechanical properties.
Collagen is intrinsically birefringent and Polarized Light Microscopy (PLM) pro-
vides an ideal method for its detection and analysis [21-23]. Combined with a Univer-
sal Rotary Stage (URS), PLM allows a quantitative analysis of collagen organization
in the vessel wall [24-26]. Figure4.6 shows a histological image of the AAA wall
and illustrates a large mix bag of azimuthal alignment. Extinctions within the larger
collagen fibers (see Fig. 4.6b) arose from the planar zigzag structure of collagen fib-



94 T.C. Gasser

(b)

Fig. 4.6 Polarized Light Microscopy (PLM) image taken from the Abdominal Aortic Aneurysm
(AAA) wall. a Typically observed collagen organizations in the AAA wall, showing a large mix bag
of azimuthal alignment. The horizontal sides of the images denote the circumferential direction. The
collagen that is oriented perpendicular to the linear polarized light defines the extinctions seen in
the image. Picrosirius red was used as a birefringent enhancement stain and the images were taken
at crossed polars on the microscope. b Segmented portion of a single collagen fiber of diameter d
that is formed by a bundle of collagen fibrils. Extinctions at distances of § denote the wavelength
of the collagen fibrils that form the collagen fiber

rils [27, 28]. The quantitative analysis of such images provides the 3D collagen fiber
orientation density function pex, (6, ¢), where 6 and ¢ denote azimuthal and elevation
angles, respectively. Specifically, these angels are defined by (in-plane) rotation and
(out-of-plane) tilting of the URS until an individual collagen fiber lies perpendicular
to the light ray of the PLM [24]. Finally, the experimentally identified collagen fiber
orientations may be fitted to a statistical distribution, like the Bingham distribution
[29]

p0, o) = ¢! exp[r (cos b cos $)* + Ka(cos ¢ sin 0)?], (4.6)

where k1 and k; denote distribution parameters to be identified from experimental
data. In addition ¢ serves a as normalization parameter, such that f;r:/ (2) f;jo p Cos
¢dopdf = 1 holds, i.e., the total amount of collagen fibers remains constant. Further
details are given elsewhere [26] and Fig. 4.7 illustrates the collagen fiber distribution

in the AAA wall, for example.

4.3.3 Proteoglycans

Proteoglycan (PG) bridges may provide interfibrillar load transition [30, 31], a neces-
sity for a load-carrying collagen fiber. Specifically, small proteoglycans such as
decorin bind noncovalently but specifically to collagen fibrils and cross-link adja-
cent collagen fibrils at about 60nm intervals [30]. Reversible deformability of the
PG bridges is crucial to serve as shape-maintaining modules [30] and fast and slow
deformation mechanisms have been identified. The fast (elastic) deformation is sup-
ported by the sudden extension of about 10 % of the L-iduronate (an elastic sugar)
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Fig.4.7 Bingham distribution function (red) fitted to the experimentally measured fiber orientation
distribution (light-blue) in the Abdominal Aortic Aneurysm (AAA) wall. Least-square optimization

of Eq. (4.6) with experimental measurements taken from Polarized Light Microscopy (PLM) defined
Bingham parameters of k1 = 11.6 and ko = 9.7

at a critical load of about 200 pN [32]. The slow (viscous) deformation is based on
a sliding filament mechanism of the twofold helix of the glycan [30], and explains
the large portion of macroscopic viscoelasticity seen when experimentally testing
collagen.

PG-based cross-linking is supported by numerous experimental studies showing
that PGs play a direct role in inter-fibril load sharing [30, 33-35]. This has also
been verified through theoretical investigations [36—-38]. However, it should also be
noted that the biomechanical role of PGs is somewhat controversial, and some data

indicates minimal, if any, PG contribution to the tensile properties of the tissue [36,
39, 40].

Summary At higher strains collagen fibers, and their interaction with the ECM, are
the dominant load-carrying structures in the vascular wall. Specifically, the amount
and organization of these structures dominate vessel wall’s stiffness, strength, and
toughness. Consequently, mechanical failure of soft biological tissues is often closely
related to rupture, pull-out or plastic stretching of collagen fibers.

4.4 Irreversible Constitutive Modeling of Vascular Tissue

Constitutive modeling of vascular tissue is an active field of research and numerous
descriptions have been reported. A phenomenological approach [41-45] may suc-
cessfully fit experimental data, but it cannot allocate stress or strain to the different
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histological constituents in the vascular wall. Structural constitutive descriptions [20,
46-52] overcome this limitation and integrate histological and mechanical informa-
tion of the arterial wall.

Specifically, one class of models, histomechanical constitutive models say, aims
at integrating collagen fiber stress ¢ and orientation density p according to Lanir’s
pioneering work [46]. This powerful approach assumes that the macroscopic Cauchy
stress o is defined by a superposition of individual collagen fiber contributions, i.e.,

w/2 7/2
- / / p(6, 0)o(N)dev(m ® m) cos ¢pdedd + pl, 4.7)
m

¢=06=0

where m = FM/|FM| denotes the spatial orientation vector of the collagen fiber. In
Eq. (4.7) the collagen fiber’s Cauchy stress o () is related to its stretch A. In addition,
the term pI denotes the hydrostatic stress with p being a Lagrange parameter that is
independent from the tissue’s constitution but is defined by the problem’s boundary
conditions.

Equation (4.7) is numerically integrated by spherical ¢-designs, i.e., fw (o)dw =~
4n/liny) 25‘;‘1 (®);, where i, denotes the total number of integration points. A spher-
ical t-design integrates a polynomial expression (e) of degree < t exactly [53], and
further details regarding the numerical integration are given elsewhere [54].

4.4.1 An Elastoplastic Damage Model for Collagenous Tissue

Exposing biological soft tissue to supra-physiological mechanical stresses rearranges
the tissue’s microstructure by irreversible deformations. Damage-related effects
(such as, for tendon and ligament [55, 56] and for vascular tissue [57-59]) and
plasticity-related effects (such as, for skin [60], tendon and ligament [55, 61, 62]
and vascular tissues [59, 63]) have been documented. These observations triggered
the development of models that account for damage [64—66], plasticity [67, 68], and
fracture [69-73]. Most commonly a macroscopic (single scale) view of tissues is
followed, which cannot account for the (experimentally observed) localized struc-
tural rearrangement of collagen fibrils at supra-physiological mechanical stress. For
example, in tendon tissue spatial micro-failure (most likely collagen fibril rupture) is
seen already at 51 & 12 % of the ultimate tissue strength [74], which might even have
been preceded by damage from intra-fibrillar sliding [75]. In contrast to a macro-
scopic metric, histomechanical modeling according to Eq. (4.7) naturally integrates
localized damage of individual collagen fibers.

Modeling assumptions Vascular tissue is regarded as a solid mixture at finite defor-
mations, where collagen fibers are embedded in an isotropic matrix material. An ori-
entation density function p(M) = p(—M) defines the spatial alignment of collagen
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Fig. 4.8 Schematic load-carrying mechanisms of a collagen fiber assembled by a number of colla-
gen fibrils. Load transition across collagen fibrils is provided by Proteglycan (PG) bridges. Antiparal-
lel anionic glycosaminoglycan duplex binds non-covalently to the collagen fibrils at the proteglycan
protein (P)

fibers with respect to the reference volume, see Sect. 4.3.2. Specifically, p(M) defines
the amount of collagen that is aligned along the direction M with M| = 1, see
[20, 46].

A particular collagen fiber is assembled by a bundle of collagen fibrils, and the
model assumes that all such collagen fibrils engage simultaneously at the straighten-
ing stretch Ay, i.e., no continuous engagement (as it has been suggested elsewhere
[47, 49, 52]), has been regarded. Beyond ), collagen fibrils are stretched and inter-
fibrilar material is sheared, see Fig.4.8. Specifically, the mechanical properties of
the PG bridges determine sliding of collagen fibrils relatively to each other.

Sliding of the PG bridge becomes irreversible as soon as the overlap of the glycan
chains decreases below a critical level (see [30] and references therein), which in turn
causes irreversible (plastic) deformations that are observed in macroscopic exper-
imental testing of vascular tissues, for example. At increasing stretch, PG bridges
slide apart (rupture), and the loss of cross-links weakens (damages) the collagen
fiber. PG filament sliding represents a slow (viscous) deformation mechanism [31],
and the loss of PG bridges is regarded as a gradual and time-dependent process.

The above-discussed deformation mechanism of a collagen fiber motivates the
introduction of a ‘stretch-based’ constitutive concept, where irreversible (plastic)
sliding of the collagen fibrils not only defines the fiber’s irreversible elongation but
also its state of damage. Consequently, plastic deformation of the collagen fiber is
directly linked to fiber damage.

Kinematics The assumed affine deformation between matrix and collagen fibers
directly relates the total fiber stretch A = +/M - CM = |[FM]| to the matrix deforma-
tion. Following multiplicative decomposition, the total stretch A = A¢ Ay is decom-
posed into Ay, a stretch that removes fiber undulation, and )\, that elastically stretches
the fiber.
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Constitutive model of the collagen fiber The model assumes that collagen fibers
(and fibrils) have no bending stiffness, and at stretches below A the fiber stress is zero.
Exceeding Ay, a linear relation between the effective second Piola-Kirchhoff stress
S. and the elastic stretch \e holds, i.e., Se = cf(de — 1) = ¢\ /Ay — 1), where ¢f
and )\ denote the stiffness of the collagen fiber and its total stretch, respectively. The
Macauley-brackets (o) have been introduced to explicitly emphasize that a collagen
fiber can only carry tensile load.

Considering incompressible elastic fiber deformation, the effective first Piola-
Kirchhoff stress reads 13; = Cf()\gl — Xet), Which reveals the constitutive relation
using work-conjugate variables. Within reasonable deformations, this relation shows
an almost linear first Piola-Kirchhoff stress versus engineering strain € = A¢j — 1
response, which is also experimentally observed [76, 77].

The state of damage of the collagen fiber is defined by an internal state (damage)
variable d, such that the second Piola-Kirchhoff stress of the collagen fiber reads

Se=(1—d)Se = (1 — d)er(MAq — 1). (4.8)

The damage variable d reflects the loss of stiffness according to slid apart (broken)
PG bridges.

Plastic Deformation. Plastic deformation develops at large sliding of PG bridges,
i.e., as soon as the overlap between the glycan chains of a PG bridge decrease below
a critical level [30]. The proposed model records plastic deformation by a monotonic
increase of the straightening stretch Ay g < Ay < 00, where Ay o denotes the straight-
ening stretch of the initial (not yet plastically deformed) tissue. The initial straight-
ening stretch Ay is thought to be a structural property defined by the continuous
turn-over of collagen and determined by the biomechanical and biochemical envi-
ronment that the tissue experiences in vivo. Following the theory of plasticity [78,
79], we introduce an elastic threshold Y that classifies the following load cases,

SC < Y elastic deformation,
:S:c = Y plastic deformation, 4.9)
S. > Y to be ruled out.

At quasi-static loading conditions an ideal plastic response is considered with
Y =Y, reflecting the elastic limit (in an effective second Piola Kirchhoff setting) of
the collagen fiber. In contrast, time-dependent plastic loading is thought to induce
a hardening effect, i.e., ¥ = Yy + H, where H reflects the increase of resistance
against collagen fibril sliding due to the slow (viscous) sliding mechanism of the PG
bridges. Consequently, a viscoplastic behavior of the collagen fibers is considered,
and (for simplicity) the first-order rate equation

H =nly (4.10)

defines the viscous hardening, with 1 denoting a material parameter.
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Table 4.1 Material and

Collagen fiber orientation
structural parameters used for

computing a tensile test of Bingham parameters ‘ k1 =11.6; kKp =9.7
tissue from the Abdominal Matrix material properties
Aortic Aneurysm (AAA) wall neoHookean parameter ‘ ¢ =0.02 MPa
Collagen fiber properties
Straightening stretch Asto = 1.08
Collagen fiber stiffness cf =0.23 MPa
Elastic limit Yy =0.063 MPa
Hardening viscosity 1n=0.2MPas
Damage property a=50.0

Damage accumulation. As detailed above, larger irreversible (plastic) deformation
of the collagen fiber causes failure of PG bridges, which in turn weakens the collagen
fiber. The mechanical effect from ruptured PG bridges, i.e. the loss of stiffness of the
collagen fiber is recorded by the damage parameter d, where an exponential relation

d =1—exp[—a(\q/ A0 — 1?] 4.11)

with respect to the plastic deformation (reflected by Ay /Ag0) is considered. Equa-
tion (4.11) has the properties d (Ag/Aso0 = 1.0) = 0.0 and d (\g /A0 — 00) = 1.0,
and a denotes a material parameter. Specifically, small and large values of a define
ductile and brittle-like failure of the collagen fiber, respectively.

Details regarding the numerical implementation of this model are given
elsewhere [50].

Basic model characteristics A single finite element was used to investigate basic
characteristics of the constitutive model. To this end constitutive parameters (listed
in Table 4.1) were manually estimated from in vitro tensile test data of the AAA wall,
and the histologically measured collagen orientation distribution was prescribed, see
Sect.4.3.2.

The model captures the strongly nonlinear stiffening at lower stresses (toe region
up to 50 kPa), where the initial straightening stretch Ay allows to control the tran-
sition point from a matrix-dominated to a collagen-dominated tissue response, see
Fig.4.9.

By increasing the load beyond the toe region, a slightly nonlinear relation between
the first Piola-Kirchhoff stress and stretch is observed, before collagen fibers gradu-
ally exceed their elastic limit, which in turn defines a concave stress—stretch response,
see Fig.4.9. Again, gradually exceeding the collagen fibers’ elastic limit defines a
smooth transition from a convex to a concave curve, a response typically observed
in experimental testing of vascular tissue.

Significant plastic deformation is required before the ultimate first Piola-Kirchhoff
strength of about 0.18 MPa is reached. A further increase in stretch causes mater-
ial instability, i.e., loss of ellipticity, and the deformation localizes. As outlined in
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Fig. 4.9 Macroscopic constitutive response of Abdominal Aortic Aneurysm (AAA) wall tissue
under uniaxial tension. Solid black curves denote tension responses along the circumferential and
longitudinal directions, respectively. The grey curve illustrates the response from in vitro experi-
mental stretching of a single AAA wall specimen along the longitudinal direction. The test specimen
used for experimental characterization of AAA wall tissue is shown at the rop right

Sect.4.2, in the strain softening region the results strongly depend on the test spec-
imen’s length. Here, neither the computational model used an internal length scale
nor the experimental setup allowed controlled failure progression, such that these
curves contain no constitutive information in the strain softening region. Influence
of the strain rate and model response to cyclic loading are detailed in [50].

Summary Damage of vascular tissue can involve several interacting irreversible
mechanisms. The presented model considered a coupling between plastic elongation
and weakening of collagen fibers, irreversible mechanisms that can be explained by
the deformation of PG bridges. The mechanical complexity of vascular tissue leads
to descriptions that require many material parameters, which naturally complicates
inverse parameter estimation—especially if parameters are mathematically not inde-
pendent. A constitutive descriptions with model parameters of physical interpretation
are particularly helpful for a robust model parameter identification.

4.5 Failure Represented by Interface Models

As shown in Sect.4.2.1 of this chapter, stretching a rod until the strong ellipticity
condition is violated, causes strains to localize within a small (infinitesimal) volume.
For such a case the nonpolar continuum yields nonphysical post localization results.
However, the cross-sectional area, within which strain localizes, remains finite. Con-
sequently, introducing a failure surface, within which all inelastic processes take
place, successfully resolves this issue. Such defined failure surface is then equipped
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with constitutive information, i.e., a cohesive traction separation law defines the trac-
tion that acts at the discontinuity as a function of its opening, i.e., the opening of
the fracture. Such an approach goes back to the pioneering works for elastoplastic
fracture in metals [80, 81], and for quasi-brittle failure of concrete materials [82].

4.5.1 Continuum Mechanical Basis

Discontinous kinematics As illustrated in Fig.4.10, 0€2y4 denotes a strong dis-
continuity embedded in the reference configuration €2 of a body. The discontinuity
separates the body into two sub-bodies occupying the referential sub-domains €2y
and 2_. The orientation of the discontinuity at an arbitrary point Xy is defined by
its normal vector N(Xq), where N is assumed to point into €2y, see Fig.4.10.

The discontinuous displacement field u(X) = u.(X) + H(X)u.(X) at a referen-
tial position X is based on an additive decomposition of u(X) into compatible u,
and enhanced Hu, parts, respectively [83, 84]. Here, H(X) denotes the Heaviside
function, with the values 0 and 1 for X € ©(_ and X € Q,, respectively. Note that
both introduced displacement fields, i.e., u. and u, are continuous and the embedded
discontinuity is represented by the Heaviside function 7.

Following [85-87], we define a fictitious discontinuity 024 as a bijective map
of 04 to the current configuration. Specifically, 024 is placed in between the
two (physical) surfaces defining the crack, see Fig.4.10. Therefore, we introduce an
average deformation gradient Fy at Xy according to

1 1
Fy(Xyq) =1+ Grad (uC + Eue) =1+ Gradu. + Eue Q@ N, 4.12)

Fig. 4.10 Discontinuous

kinematics representing the

reference configuration

Qo = Qo+ U Qo— UIQq Fe
and the current configuration

Q=QLUQ_U0JQqofa

body separated by a strong

discontinuity. The associated BION
three deformation gradients: n
(i) Fe =14 Gradu, + Xd

Gradu, (ii) Fg =
I+ Gradu. +u. ® N/2
and (iii) F. = I + Grad u,
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where the factor 1/2 enforces the fictitious discontinuity €24 to be placed in the
middle between the two (physical) surfaces defining the crack. Based on the defor-
mation (4.12), the unit normal vector n to the fictitious discontinuity is defined by

~1

n= & (4.13)
INF, ]

which can be interpreted as a weighted push-forward operation of the covariant

vector N.

Consequently, the introduced kinematical description of a strong discontinuity
requires three deformations, as illustrated in Fig.4.10, i.e., (i) the compatible defor-
mation gradient F, = I + Grad u. (withdetF. = J. > 0), which maps €2_ into 2_
as known from standard continuum mechanics; (ii) the enhanced deformation gradi-
entF, = I+ Grad u, 4+ Grad u, (withdetF, = J. > 0), which maps Q¢ into 2,
and finally, (iii) the average deformation gradient Fy = I+ Gradu, + u. ® N/2
(with det Fy = Jg4 > 0), which maps the referential discontinuity 9€2¢4 into the (fic-
titious) spatial discontinuity 0€24. Finally, any strain measure directly follows from
the introduced deformation gradients, see elsewhere [86] for example.

Cohesive traction response We assume the existence of a transversely isotropic
(note that these type of models are denoted as isotropic elsewhere [88]) cohesive
potential ¥ (ugq, n, §) per unit undeformed area over 92 4, which governs the material
dependent resistance against failure in a phenomenological sense [88]. The cohesive
zone’s properties are assumed to be dependent on the gap displacement ug = u.(Xy),
the current normal n and a scalar internal variable §. Finally, the cohesive potential
is subjected to objectivity requirements, i.e., ¥ (ug, n, §) = ¥ (Quy, Q‘Tn, 6), where
Q is an arbitrary proper orthogonal tensor, i.e., QT = Q, det Q = 1.

The model is complemented by the introduction of a damage surface ¢(uq, J)
in the gap displacement uy space and Karush—Kuhn-Tucker loading/unloading §>
0,9 <0, 5(;5 = 0 and consistency 5(;5 = 0 conditions are enforced.

Based on the procedure by Coleman and Noll [89] the cohesive traction T and
the internal dissipation Dj, take the form

_w o

=22 p.=-ZU5>0. 4.14
oug =0 (4.14)

An efficient application of a cohesive model within the FE method requires a
consistent linearization of the cohesive traction T with respect to the opening dis-
placement uy. In order to provide this, we introduce C,, = 9T/0uq, C, = 0T /0n,
Cs; = 0T/06, which describes the cohesive zone’s stiffness with respect to gap dis-
placement opening, rotation and growing damage.

Variational formulation In order to provide the variational basis for a quasi-static

FE model, we start with a single-field variational principle [90], i.e., [ Grad du :
Qo

P(F)dV — ST1%¥ (du) = 0, where P(F) and du denote the first Piola-Kirchhoff stress
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tensor and the admissible variation of the displacement field. The integration is
taken over the reference configuration €2, where dV denotes the referential volume
element. In addition, the contributions from external loading, i.e., body force and
prescribed traction on the von Neumann boundary, are summarized in the virtual
external potential energy dI1%* (du).

According to the introduced displacement field, its admissible variation reads
ou=du, + Hdu.. Consequently, Grad du = Grad ou. + HGrad du. + §4(du. ® N),
which defines the two variational statements

fGrad ou; : P(F)dV — 0TI (du,) = 0,

[ Gradéu, : P(F)dV+ [ T du.ds — ST (Su,) = 0, (4.15)

Qo 004

where 0TI (du.) and 6TISY (due) are external contributions associated with the

compatible and enhanced displacements, respectively.
After some manipulations and a push-forward of Eq. (4.15), we achieve its spatial
version [91],

J sym(grad (u;) : ocdv + [ sym(grad (du;) : odv — STIEY (fu.) = 0,

& il (4.16)
J sym(grad céu;) : ocdv+ [ t-ducds — 6TIEY (fu) = 0, :
Qp 04

where dv and ds are the spatial volume and surface elements, respectively. Moreover,
o= JC’IP(FC)FCT and o, = Je’lP(Fe)Fz denote the Cauchy stress tensors and t =
TdS/ds is the Cauchy traction vector associated with a fictitious discontinuity 9€24.
The spatial gradients in (4.16) are defined according
to grad .(e) = Grad (¢)F.~', grad .(e) = Grad (¢)F.~! and sym(e) = ((e) +
()T)/2 furnishes the symmetric part of (e).

The consistent linearization of the variational statements can be found elsewhere
[70, 86].

4.5.2 Formulation for the Cohesive Material Model

In order to particularize the transversely isotropic cohesive model introduced in
Sect.4.5.1, we restrict our considerations to the class of models ¢ = ¥(ue Q@ U, N ®
n, §) and apply the theory of invariants [92]. Hence, the cohesive potential can be
expressed according to ¢ = ¥ (iy, iy, i3, i4, is, (), Where iy, ..., is are invariants,
which depend on the symmetric tensors u. ® U, and n ® n [91].

As a special case the isotropic particularization

(i1, Q) = _c exp(—ad)i; (4.17)
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isused. Here, i} = u, - u. is the first invariant, #y denotes the cohesive tensile strength
and the nonnegative parameters a and b aim to capture the softening response from
failure progression.

In addition, we define a damage surface ¢(u., J) = Jue| — ¢ =0 in the three-

dimensional gap displacement space and assume ¢ = Tug] for the evolution of the
internal (damage) variable ¢ € [0, oo[. A proof of nonnegativeness of the dissipation,
i.e., Dine = 0, of the introduced cohesive model is given elsewhere [91], and the
underlying cohesive traction and associated stiffness measures read,

T=cu, C,,=cI C,=0 GC;=—u,, (4.18)
where the two scalars

= ’Z‘)exp<—a<”>, = ga +ab(") (4.19)

uniquely describe the cohesive law at a certain state of damage .

Initialization criterion. 'The proposed FE implementation of the model assumes that
the cohesive zone increases dynamically during the computation. In particular, the
cohesive zone model is activated within a finite element if the initialization criterion
Cinit > 0 is satisfied. Herein, we use a Rankine criterion
ds

Cinig =n-on — l‘oﬁ, (4.20)
where n denotes the perpendicular direction to the discontinuity in the spatial config-
uration. The formulation of the cohesive potential i) with respect to reference area,
see Sect.4.5.1, motivated the introduction of the area ratio ds/dS in criterion (4.20).

Summary The introduced model for tissue failure postulates the existence of a
cohesive fracture process zone, a discrete surface (discontinuity) that represents ini-
tialization and coalescence of micro-cracks. A phenomenological traction separation
law specifies the failure mechanics, i.e., how the traction across the discontinu-
ity decreases with increasing crack opening. Such defined discontinuity has been
embedded in the continuum, which effectively allows post-localization analyses.

4.6 Applications

4.6.1 Organ Level Simulation of Abdominal Aortic
Aneurysm Rupture

The elastoplastic damage model for collagenous tissue detailed in Sect.4.4 was
deployed to simulate AAA inflation until structural collapse, i.e., until a quasi-
static solution of the problem could no longer be computed. The observed structural
collapse might also have caused material instability, i.e., loss of strong ellipticity
[93, 94]. However, this was not further investigated.
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Modeling assumptions The AAA has been segmented from Computed
Tomography-Angiography (CT-A) images (A4clinics Research Edition, VASCOPS
GmbH), where deformable (active) contour models [95] supported an artifact-
insensitive and operator-independent 3D reconstruction. The aneurysm was seg-
mented between the renal arteries and about two centimeters distal the aortic bifur-
cation. The geometry was meshed by hexahedral finite elements, and the structural
analysis was carried out in FEAP (University of California at Berkeley). Blood pres-
sure was applied as a follower load, and all nodal degrees of freedom were locked
at the aneurysm’s bottom and top slices. No contact with surrounding organs was
considered, and further modeling details are given elsewhere [50].

Load case (a) increased the blood pressure at 10 mmHg/s until structural collapse
was experienced. In contrast, load case (b) assumed a cyclic pulsatile blood pressure
between 280 mmHg and 120 mmHg and at a frequency of one Hertz. Note that the
investigated aneurysm was rather small, such that unrealistically high blood pressures
were required to trigger AAA rupture.

Results Load Case (a). The development of the maximum principal Cauchy stress
and the plastic deformation (in terms of the averaged straightening stretch Ay =
(1/ liny) Zﬁ:tl Ast7) during inflation is illustrated in Fig.4.11. The low loading rate of
10 mmHg/s caused localized plastic deformation and led to a rather brittle failure
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Fig. 4.11 Maximum principal Cauchy stress (top row) and plastic deformation (bottom row) of an
Abdominal Aortic Aneurysm (AAA) at inflation according to Load Case (a). FE predictions were
based on material properties given in Table4.1
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Fig.4.12 Plastic deformation of an Abdominal Aortic Aneurysm (AAA) at cyclic inflation accord-
ing to Load Case (b). AAA is shown at diastolic pressure, where n denotes the number of inflation
cycles. FE predictions were based on material properties given in Table 4.1, and plastic deformation
is expressed by the straightening stretch

response. Finally, a single region of concentrated plastic deformation (and tissue
damage) developed prior the structure collapsed.

Load Case (b). The development of the plastic deformation (in terms of the averaged
straightening stretch \y) during cyclic inflation is illustrated in Fig.4.12, where n
denotes the cycle number. The high loading rate of +320 mmHg/s spread plastic
deformations all over the aneurysmatic bulge. Above 15 load cycles the numerical
convergence of the problem was poor and the computation was terminated. Plastically
deformed wall segments that could have been buckled during deflation, or the highly
distorted mesh could also have caused such poor numerical convergence.

4.6.2 Model Parameter Estimation from in Vitro Tensile Tests

Cohort and specimen preparation Tissue samples from the AAA wall (n=16;
approximately 10mm times 20 mm) and the Thoracic Aortic Aneurysm (TAA)
wall (n=27; approximately 15mm times 30 mm) were harvested during open sur-
gical repair at Karolinska University Hospital, Stockholm, Sweden. Bone-shaped
test specimens were punched-out from the dissected tissue patches using a custom-
made pattern blade, see Fig.4.13a. Test specimens from the AAA wall and from the
TAA wall were aligned along the longitudinal and circumferential vessel directions,
respectively. The length of the test specimens varied from 10 mm to 30 mm, and in
order to improve specimen fixation in the testing machine, pieces of sand paper were
glued to each end of the specimen (Super-adhesive glue, Loctite), see Fig.4.13b.
During specimen preparation the tissue was kept hydrated at any time. For the his-
tological analysis, samples (taken from one part of each AAA test specimen and
after the mechanical testing) were fixed, embedded in paraffin, sliced at a thickness
of 7.0 wm and stained with picrosirius red to enhance the birefringent properties of
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(@) (b)

Fig. 4.13 Preparation of uniaxial test specimens. a Dimensions (in millimeters) of the pattern
blade that was used to punch out test specimens from tissue patches. Typical specimens from the
human Thoracic Aortic Aneurysm (TAA) wall (b) and from the porcine interventricular septum (c).
Dimensions shown by the rulers are given in centimeters

collagen. The use of material from human subjects was approved by the local ethics
committee and further detail regarding the cohorts is given in [96, 97].

Testing equipment and protocols Prior to failure testing, the test specimen’s cross-
section A at the neck, i.e., where the specimen was expected to rupture, was measured.
Mechanical testing was performed with conventional testing systems (MTS for the
AAA samples and Instron for the TAA samples). The load-displacement property of
the test specimen was recorded during a displacement-controlled uniaxial tensile test
at an elongation rate of 0.1 mm/s. During tensile testing, the test specimens remained
entirely in Ringer solution at 37 £ 0.5°C, and a load cell recorded the force that was
applied to the specimen. Further details are given elsewhere [96, 97]. The ultimate
first Piola-Kirchhoff strength Py = F/A was calculated, where Fy denotes the
measured ultimate tensile load.

Identification of collagen fiber orientation and thickness Collagen fiber orienta-
tions were identified from PicroSirius red stained histological slices. Measurements
were taken with a BX50 polarized light microscope (Olympus) that was equipped
with a URS (Carl Zeiss GmbH), as detailed in Sect.4.3.2.

Numerical model, parameters estimation For each bone-shaped test specimen, a
plane-stress FE model with 96 Q1P0 mixed elements [98] was generated. The model
was equipped with the elastoplastic constitutive model for collagenous tissue (see
Sect.4.4), and the specimen-individual collagen orientation was considered. The FE
models were used to estimate the set {cy,, Agt0, cf, @} of material parameters for each
wall sample. (For the AAA wall samples, the parameter c,,, that determines the matrix
material was fixed to 0.012 MPa, i.e., a value reported in the literature [52].) The phys-
ical meaning of model parameters allowed their straight forward manual estimation.
Specifically, parameters were alternated until FE model predictions matched the
recorded stress—stretch curves in a least-square sense. Since the constitutive model is
not suitable to predict strain localization, the strain softening region was disregarded.
Finally, it is noted that a small amount of viscous hardening (n = 0.0001 MPas, see
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Sect.4.4) was required to stabilize the FE model, which virtually did not alter the
quasi-static result.

Typical results For all cases the applied FE models provided good approximations
to the recorded stress—stretch curves, see the representative plot in Fig.4.14, for
example. By increasing the load beyond the toe region, a slightly nonlinear relation
between the first Piola-Kirchhoff stress and stretch was observed. Then the collagen
fibers gradually exceeded their elastic limit, which led to a concave stress—stretch
response. Gradually exceeding the collagen fibers’ elastic limit defined a smooth
transition from a convex to a concave curve, and significant plastic deformation
accumulated before the ultimate strength Py was reached. A further increase in
stretch caused material instability (see Sect.4.2), which is not covered by the applied
constitutive model.

The Cauchy stress in tensile direction at two different deformations is shown in
Fig.4.14a, b. The irreversible overstretching of the tissue homogenizes the stress in
the neck of the specimen (not seen for the selected color coding in Fig. 4.14). For AAA
wall samples the highest Cauchy stress o= 569(SD 411) kPa appeared in the neck
of the specimen and was recorded at a stretch of 1.436(SD 0.118). For TAA samples
a stress of oy= 1062(SD 736) kPa was reached at a stretch of 1.514(SD 0.214).
Identified model parameters are summarized in Table4.2, and further details are
given elsewhere [96, 97].
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Table 4.2 Numerically estimated constitutive parameters of Abdominal Aortic Aneurysm (AAA)

and Thoracic Aortic Aneurysm (TAA) wall specimens

Specimen K1 K2 cm MPa | A0 cf MPa | Yy MPa a MPa
AAA 1 15.1 13 0.012 1.03 63 12.0 45
AAA2 20.9 19.1 0.012 1.06 33 49 40
AAA3 16.1 14.2 0.012 1.03 28 3.5 10
AAA 4 8 5.7 0.012 1.03 70 6.4 30
AAA S 10.5 8.4 0.012 1.03 24 4.4 17
AAA 6a 10.4 7.7 0.012 1.10 25 1.8 10
AAA 6b 104 7.7 0.012 1.05 30 3.9 20
AAA 7 9 6.4 0.012 1.01 31 3.1 7
AAA 8 15.6 12.6 0.012 1.01 77 19.2 15
AAA9 134 10.6 0.012 1.02 24 5.1 20
AAA 10 9.5 7.7 0.012 1.00 151 16.8 8
AAA 1la 8 6.3 0.012 1.01 73 9.8 17
AAA 11b 8 6.3 0.012 1.01 27 4.5 10
AAA 12 11.2 9.5 0.012 1.04 55 4.7 23
AAA 13 11.2 10.8 0.012 1.00 14 2.9 7
AAA 14 10.6 8.7 0.012 1.01 45 8.1 60
TAA BAV 1 27.6 25.1 0.05 1.23 7 1.4 20
TAA BAV 2 6.6 4.5 0.06 1.4 24 2.94 25
TAA BAV 3a 24.2 21.4 0.06 1.37 10 2.5 10
TAA BAV 3b 24.2 21.4 0.1 1.12 4.3 1.2 2
TAA BAV 4 27.3 23.5 0.04 1.22 3.2 1.27 10
TAA BAV 5 27.6 23 0.5 1.04 15 3 10
TAA BAV 6 27.1 24.3 0.12 1.11 4.8 1.1 3
TAA BAV 7 28.7 24.6 0.02 1.02 7.2 2.8 10
TAA BAV 8 28.1 22.7 0.17 1.24 7.7 35 4
TAA BAV 9 29 21.7 0.1 1.3 10 3.1 2
TAA BAV 10 28.7 23.7 0.13 1.32 13 4 4
TAA BAV 11a | 28 23.8 0.06 1.3 10 3.6 7
TAA BAV 11b | 28 23.8 0.1 1.17 9 2.2 7
TAA BAV 12 27 234 0.07 1.32 7 3.37 5
TAA BAV 13a | 30.9 12.2 0.07 1.18 4.9 1.9 5
TAA BAV 13b | 30.9 12.2 0.13 1.12 5 2.4 5
TAA TAV 1 12.7 10.6 0.05 1.2 5 0.47 20
TAA TAV 2 28 21.9 0.06 1.21 1.8 0.26 20
TAA TAV 3 23.7 20.1 0.03 1.15 3.6 0.75 5

(continued)
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Table 4.2 (continued)

Specimen K1 Ko cm MPa | A0 cf MPa | Yy MPa a MPa
TAA TAV 4a 26 22.9 0.07 1.28 34 0.85 4
TAA TAV 4b 26 22.9 0.1 1.2 1.6 0.7 17
TAA TAV 5 26.2 233 0.07 1.12 4.5 2 7
TAA TAV 6 26.9 234 0.04 1.1 2 0.65 0.4
TAA TAV 7 25.9 234 0.1 1.23 7 2.3 10
TAA TAV 9 26.5 24 0.04 1.17 9 2.9 10
TAA TAV 10 27.3 24.3 0.1 1.1 2.1 0.9 4
TAA TAV 11 29.2 239 0.1 1.17 3.1 0.99 4

Collagen orientation is given by the Bingham distribution parameters +1 and s (see Eq. 4.6), and the
other parameters inform the irreversible constitutive model for vascular tissue detailed in Sect.4.4.
TAA wall data is separated into samples taken from patients with bicuspid (BAV) and tricuspid
(TAV) aortic valves, respectively

4.6.3 Ventricular Tissue Penetration

Tensile testing Pig hearts (n=12) were taken from the butchery and bone-shaped
specimens aligned in cross-fiber direction were prepared, see Fig.4.13c. In total 64
specimens were prepared, using the preparation techniques detailed in Sect.4.6.2.

Tensile testing was performed with a conventional MTS systems, where speci-
mens were loaded at a prescribed elongation rate of 0.2 mm/s until they failed. Then
the ultimate first Piola-Kirchhoff strength P, = Fy /A was calculated, where A
denotes the initial cross-sectional area at the specimen neck. The studied myocar-
dial tissue withstood a first Piola-Kirchhoff stress in cross-fiber direction of Py =
0.0326(S D 0.0159) MPa, and further details are given elsewhere [73].

Modeling the bulk material In addition to direct failure-related energy dissipation
(like collagen fiber breakage) also viscoelastic energy dissipation at the crack tip
could be an important factor of failure propagation in vascular tissue, i.e., similar
to observations made in rubber-like materials [99]. Consequently, ventricular tissue
has been modeled as a viscoelastic material.

We assume an additive decomposition of the free-energy function W = W, (J) +
Yieo (F, t) into volumetric W, and isochoric W, contributions, where F=J'F
denotes the unimodular part of the deformation gradient F, with J = detF and ¢
being the time. In order to capture the non-linear mechanics of cardiac tissue, the
polynomial free-energy

W =il — 3) + (I — 37, 4.21)

was used, where the invariant /; = trC of the modified right Cauchy-Green strain C =

F'F = J~2/3C was introduced. This form of the constitutive relation has originally
been proposed for rubber-like materials [ 100] and is frequently used in biomechanics
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Fig. 4.15 a Electron microscopy image taken from ventricular tissue penetration experiments
[104]. Image illustrates a splitting mode (mode-I) failure together with remaining deformations at
the penetration site. b Idealized failure mode of ventricular tissue due to deep penetration. Crack
faces are wedged open by the advancing circular punch defining a splitting mode (mode-I) failure
(The punch advances perpendicular to the illustration plane.)

to describe the mechanics of the aneurysm wall, for example [101, 102]. For the
present study, the parameters ¢; = 10.0 kPa and ¢, = 7.5 kPa were estimated form
the myocardial tissue in cross-fiber direction [73].

In order to equip the formulation with rate-dependent properties, the constitutive
model (4.21) was extended to viscoelasticity, and the isochoric free-energy

k
Wi = 1 14 D Bell —exp(—t/1)] Wi (4.22)
k=1

was considered. Here, 3, and #; are Prony series parameters defining the tissue’s
rate-dependency. The model can be regarded as a generalized standard viscoelastic
solid with k linear viscoelastic Maxwell elements [3].

This study considered two sets { G, #;} of constitutive parameters. Set I represented
properties of the medial layer of arteries used in the literature [ 103], and Set Il doubled
the rate-effects by doubling the [ parameters of Set 1.

Cohesive model of myocardial tissue splitting Experimental penetration of biax-
ially stretched myocardial tissue indicated that crack faces were wedged open by
the advancing punch [104], see Fig.4.15. Such a splitting failure was modeled by
a fracture process zone and captured by a traction separation law. Specifically, a
triangular traction separation law related the traction t and the displacement at the
interface. The cohesive strength of the interface was set to #p = 32.6 kPa, i.e., the
tissue strength identified from tensile testing in cross-fiber direction. Two different
fracture energies Gy = 6.32 Jm~2 and Gy = 12.64 Jm~2 were used to investigate
their influence on the punch force-displacement response.
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FE model of deep penetration A single penetration of biaxially stretched myocar-
dial tissue [104] was modeled, where a punch of 1.32mm in diameter penetrated
a 10.0mm by 10.0 mm tissue patch (ABAQUS/Explicit (Dassault Systémes)), see
Fig.4.16(left). A cohesive zone was introduced in the middle of the domain, i.e.,
where tissue splitting was expected, and symmetry conditions of the problem were
considered.

The investigated domain was discretized by 8120 hexahedral finite elements
(b-bar formulation [6]), where the mesh was refined at the site of penetration. A
penalty contact formulation [105] (with automatic adaptation of the penalty parame-
ter) was used to model the rigid and frictionless contact problem.

The numerically predicted Cauchy stress in cross-fiber direction at the crack
tip is shown in Fig.4.16 (right), while Fig.4.17 presents the influence of model

Symmetry plane

Fig. 4.16 Left FE model to investigate myocardial penetration by an advancing circular punch.
Numerically predicted crack tip deformation and tissue stress during the crack faces are wedged
open by the advancing circular punch
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Fig. 4.17 Penetration force-displacement response of myocardium against deep penetration.
a Impact of the fracture energy of the cohesive zone. b Impact of the viscoelasticity of the bulk
material



4 Damage in Vascular Tissues and Its Modeling 113

parameters on the penetration force versus displacement properties. Specifically,
Fig.4.17a illustrates that the energy release in the fracture process zone has almost
no impact, while rate-dependent effects of the bulk material massively influence the
penetration force versus displacement properties, see Fig.4.17b. Compared to the
experimentally recorded data [104], the FE predictions were too soft with the peak
penetration force being about 2—4 times lower.

4.7 Conclusions

Vascular biomechanics is critical in order to define new diagnostic and therapeutic
methods that could have a significant influence on healthcare systems and even on
the life style of human beings. Despite continued advances in computer technology
and computational methods, such simulations critically depend on an accurate con-
stitutive description of vascular tissue. For many vascular biomechanics problems,
robust modeling of damage accumulation and even tissue failure is required.

The present chapter summarized relevant continuum mechanical concepts and
discussed parameter identification for such models. As long as the accumulated tissue
damage does not trigger strain localization, such problems can be studied within the
standard nonpolar continuum mechanics. However, if damage accumulation results in
strain localization, the nonpolar continuum fails and tailored continuum approaches
are needed. In addition, parameters for such failure models need to be identified
from appropriate experimental setups at controlled failure progression. Failure in
conventional engineering materials like steel has successfully been studied within
Linear Fracture Mechanics (LFM) and related concepts. However, such concepts
assume a sharp crack tip, which is not seen in failure of vascular tissue. Here, the
crack tip is bridged by collagen fibers and other tissue ligaments bridge and motivates
the application of cohesive failure models.

Difficulties to identify model parameters from experimental data increase with
increasing number of parameters. However, at the same time a large number of
constitutive parameters is needed to account for the complex elastic and irreversible
mechanics of vascular tissues. Consequently, the application of constitutive models
with parameters of physical meaning is recommended, such that tailored experiments
can be designed, from which a subset of parameters can estimated independently.
In addition, the experimental design should support parameter identification [106],
i.e., experimental readings should be (i) sensitive to the model parameters and (ii)
provide enough experimental information for a robust identification.

The present chapter regarded vascular tissue as an inert and passive material, which
is clearly not the case. Like other biological tissues, the vascular wall responds to
its mechanical environment and predictions based on passive constitutive models,
i.e., suppressing tissue remodeling and growth, can only cover a limited time period.
Understanding the tissue’s inherent properties to adapt to mechanical environments
might improve vascular biomechanics predictions in the future.



114

T.C. Gasser

Acknowledgments The author of this chapter would like to thank Andrii Grytsan, KTH Royal
Institute of Technology, Stockholm for the valuable feed-back on the manuscript.

References

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

. Kachanov, L. (2013). Introduction to continuum damage mechanics (vol. 10). Springer Sci-

ence & Business Media.

. Viano, D. C,, King, A. I, Melvin, J. W., & Weber, K. (1989). Injury biomechanics research:

An essential element in the prevention of trauma. Journal of Biomechanics, 22(5), 403—417.

. Malvern, L. E. (1969). Introduction to the mechanics of a continuous medium.
. Bigoni, D., & Hueckel, T. (1991). Uniqueness and localization—I. Associative and non-

associative elastoplasticity. International Journal of Solids and Structures, 28(2), 197-213.

. Fu, Y. B, & Ogden, R. W. (2001). Nonlinear elasticity: Theory and applications (vol. 283).

Cambridge University Press.

. Zienkiewicz, O. C., & Taylor, R. L. (2000). The finite element method: Solid mechanics (vol.

2). Butterworth-heinemann.

. Bazant, Z. P. (2002). Concrete fracture models: Testing and practice. Engineering Fracture

Mechanics, 69(2), 165-205.

. Clark, J. M., & Glagov, S. (1985). Transmural organization of the arterial media. The lamellar

unit revisited. Arteriosclerosis, Thrombosis, and Vascular Biology, 5(1), 19-34.

. Carey, D. J. (1991). Control of growth and differentiation of vascular cells by extracellular

matrix proteins. Annual Review of Physiology, 53(1), 161-177.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., Watson, J. D., et al. (1995). Molecular
biology of the cell. Trends in Biochemical Sciences, 20(5), 210-210.

Humphrey, J. D. (1999). Remodeling of a collagenous tissue at fixed lengths. Journal of
Biomechanical Engineering, 121(6), 591-597.

Nissen, R., Cardinale, G. J., & Udenfriend, S. (1978). Increased turnover of arterial collagen
in hypertensive rats. Proceedings of the National Academy of Sciences, 75(1), 451-453.
Hulmes, D. J. S. (2008). Collagen diversity, synthesis and assembly. In P. Fratzl (Ed.), Colla-
gen: Structure and mechanics (pp. 15-47). New York: Springer Science+Business Media.
Roach, M. R., & Burton, A. C. (1957). The reason for the shape of the distensibility curves
of arteries. Canadian Journal of Biochemistry and Physiology, 35(8), 681-690.

Bergel, D. H. (1961). The static elastic properties of the arterial wall. The Journal of Physi-
ology, 156(3), 445.

. Langewouters, G. J., Wesseling, K. H., & Goedhard, W. J. A. (1984). The static elastic

properties of 45 human thoracic and 20 abdominal aortas in vitro and the parameters of a new
model. Journal of Biomechanics, 17(6), 425-435.

Sokolis, D. P. (2007). Passive mechanical properties and structure of the aorta: Segmental
analysis. Acta Physiologica, 190(4), 277-289.

Fung, Y.-C. (2013). Biomechanics: Mechanical properties of living tissues. Springer Science
& Business Media.

Humphrey, J. D. (2013). Cardiovascular solid mechanics: Cells, tissues, and organs. Springer
Science & Business Media.

Gasser, T. C., Ogden, R. W., & Holzapfel, G. A. (2006). Hyperelastic modelling of arterial
layers with distributed collagen fibre orientations. Journal of the Royal Society Interface, 3(6),
15-35.

Vidal, B. D. C., Mello, M. L. S., & Pimentel, E. R. (1982). Polarization microscopy and
microspectrophotometry of sirius red, picrosirius and chlorantine fast red aggregates and of
their complexes with collagen. The Histochemical Journal, 14(6), 857-878.

Lindeman, J. H. N., Ashcroft, B. A., Beenakker, J. W. M., Koekkoek, N. B. R., Prins, F.
A., Tielemans, J. F, et al. (2010). Distinct defects in collagen microarchitecture underlie



4 Damage in Vascular Tissues and Its Modeling 115

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

vessel-wall failure in advanced abdominal aneurysms and aneurysms in marfan syndrome.
Proceedings of the National Academy of Sciences, 107(2), 862—865.

Weber, K. T., Pick, R., Silver, M. A., Moe, G. W., Janicki, J. S., Zucker, I. H., et al. (1990).
Fibrillar collagen and remodeling of dilated canine left ventricle. Circulation, 82(4), 1387—
1401.

Canham, P. B., Finlay, H. M., Dixon, J. G., Boughner, D.R., & Chen, A. (1989). Measurements
from light and polarised light microscopy of human coronary arteries fixed at distending
pressure. Cardiovascular Research, 23(11), 973-982.

Canham, P. B., & Finlay, H. M. (2004). Morphometry of medial gaps of human brain artery
branches. Stroke, 35(5), 1153-1157.

Gasser, T. C., Gallinetti, S., Xing, X., Forsell, C., Swedenborg, J., & Roy, J. (2012). Spatial
orientation of collagen fibers in the abdominal aortic aneurysm’s wall and its relation to wall
mechanics. Acta Biomaterialia, 8(8), 3091-3103.

Diamant, J., Keller, A., Baer, E., Litt, M., & Arridge, R. G. C. (1972). Collagen; ultrastructure
and its relation to mechanical properties as a function of ageing. Proceedings of the Royal
Society of London B: Biological Sciences, 180(1060), 293-315.

Gathercole, L. J., Keller, A., & Shah, J. S. (1974). The periodic wave pattern in native tendon
collagen: Correlation of polarizing with scanning electron microscopy. Journal of Microscopy,
102(1), 95-105.

Bingham, C. (1974). An antipodally symmetric distribution on the sphere. The Annals of
Statistics, 1201-1225.

Scott, J. E. (2003). Elasticity in extracellular matrix "shape modules" of tendon, cartilage, etc.
a sliding proteoglycan-filament model. The Journal of Physiology, 553(2), 335-343.

Scott, J. E. (2008). Cartilage is held together by elastic glycan strings. Physiological and
pathological implications. Biorheology, 45(3—4), 209-217.

Haverkamp, R. G., Williams, M. A. K., & Scott, J. E. (2005). Stretching single molecules of
connective tissue glycans to characterize their shape-maintaining elasticity. Biomacromole-
cules, 6(3), 1816-1818.

Liao, J., & Vesely, 1. (2007). Skewness angle of interfibrillar proteoglycans increases with
applied load on mitral valve chordae tendineae. Journal of Biomechanics, 40(2), 390-398.
Robinson, P. S., Huang, T.-F., Kazam, E., lozzo, R. V., Birk, D. E., & Soslowsky, L. J. (2005).
Influence of decorin and biglycan on mechanical properties of multiple tendons in knockout
mice. Journal of Biomechanical Engineering, 127(1), 181-185.

Sasaki, N., & Odajima, S. (1996). Elongation mechanism of collagen fibrils and force-strain
relations of tendon at each level of structural hierarchy. Journal of Biomechanics, 29(9),
1131-1136.

Fessel, G., & Snedeker, J. G. (2011). Equivalent stiffness after glycosaminoglycan depletion
in tendon—an ultra-structural finite element model and corresponding experiments. Journal
of Theoretical Biology, 268(1), 77-83.

Redaelli, A., Vesentini, S., Soncini, M., Vena, P., Mantero, S., & Montevecchi, F. M. (2003).
Possible role of decorin glycosaminoglycans in fibril to fibril force transfer in relative mature
tendons—a computational study from molecular to microstructural level. Journal of Biome-
chanics, 36(10), 1555-1569.

Vesentini, S., Redaelli, A., & Montevecchi, F. M. (2005). Estimation of the binding force of the
collagen molecule-decorin core protein complex in collagen fibril. Journal of biomechanics,
38(3), 433-443.

Rigozzi, S., Miiller, R., & Snedeker, J. G. (2009). Local strain measurement reveals a varied
regional dependence of tensile tendon mechanics on glycosaminoglycan content. Journal of
Biomechanics, 42(10), 1547-1552.

Rigozzi, S., Miiller, R., & Snedeker, J. G. (2010). Collagen fibril morphology and mechanical
properties of the Achilles tendon in two inbred mouse strains. Journal of Anatomy, 216(6),
724-731.

Vaishnav, R. N., Young, J. T., Janicki, J. S., & Patel, D. J. (1972). Nonlinear anisotropic elastic
properties of the canine aorta. Biophysical Journal, 12(8), 1008.




116

42

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

T.C. Gasser

. Fung, Y. C., Fronek, K., & Patitucci, P. (1979). Pseudoelasticity of arteries and the choice of its
mathematical expression. American Journal of Physiology-Heart and Circulatory Physiology,
237(5), H620-H631.

Chuong, C.J., & Fung, Y. C. (1983). Three-dimensional stress distribution in arteries. Journal
of Biomechanical Engineering, 105(3), 268-274.

Takamizawa, K., & Hayashi, K. (1987). Strain energy density function and uniform strain
hypothesis for arterial mechanics. Journal of Biomechanics, 20(1), 7-17.

Humpbhrey, J. D., Strumpf, R. K., & Yin, F. C. P. (1990). Determination of a constitutive relation
for passive myocardium: I. A new functional form. Journal of Biomechanical Engineering,
112(3), 333-339.

Lanir, Y. (1983). Constitutive equations for fibrous connective tissues. Journal of Biomechan-
ics, 16(1), 1-12.

Wayts, F. L., Vanhuyse, V. J., Langewouters, G. J., Decraemer, W. F., Raman, E. R., & Buyle,
S. (1995). Elastic properties of human aortas in relation to age and atherosclerosis: A structural
model. Physics in Medicine and Biology, 40(10), 1577.

Holzapfel, G. A., Gasser, T. C., & Ogden, R. W. (2000). A new constitutive framework for
arterial wall mechanics and a comparative study of material models. Journal of elasticity and
the physical science of solids, 61(1-3), 1-48.

Zulliger, M. A., Fridez, P., Hayashi, K., & Stergiopulos, N. (2004). A strain energy function
for arteries accounting for wall composition and structure. Journal of Biomechanics, 37(7),
989-1000.

Christian, T. (2011). Gasser. An irreversible constitutive model for fibrous soft biologi-
cal tissue: A 3-D microfiber approach with demonstrative application to abdominal aortic
aneurysms. Acta Biomaterialia, 7(6), 2457-2466.

Peiia, J. A., Martinez, M. A., & Peiia, E. (2011). A formulation to model the nonlinear
viscoelastic properties of the vascular tissue. Acta Mechanica, 217(1-2), 63-74.

Gasser, T. C. (2011). A constitutive model for vascular tissue that integrates fibril, fiber and
continuum levels with application to the isotropic and passive properties of the infrarenal
aorta. Journal of Biomechanics, 44(14), 2544-2550.

Hardin, R. H., & Sloane, N. J. A. (1996). Mclaren’s improved snub cube and other new
spherical designs in three dimensions. Discrete & Computational Geometry, 15(4), 429-441.
Gasser, T. C. (2010). Nonlinear elasticity of biological tissues with statistical fibre orientation.
Journal of the Royal Society Interface, 7(47), 955-966.

Parry, D. A. D., Barnes, G. R. G., & Craig, A. S. (1978). A comparison of the size distribution
of collagen fibrils in connective tissues as a function of age and a possible relation between
fibril size distribution and mechanical properties. Proceedings of the Royal Society of London
B: Biological Sciences, 203(1152), 305-321.

Liao, H., & Belkoff, S. M. (1999). A failure model for ligaments. Journal of Biomechanics,
32(2), 183-188.

Emery, J. L., Omens, J. H., & McCulloch, A. D. (1997). Biaxial mechanics of the passively
overstretched left ventricle. American Journal of Physiology-Heart and Circulatory Physiol-
0gy, 272(5), H2299-H2305.

Emery, J. L., Omens, J. H., & McCulloch, A. D. (1997). Strain softening in rat left ventricular
myocardium. Journal of Biomechanical Engineering, 119(1), 6-12.

Oktay, H. S., Kang, T., Humphrey, J. D., & Bishop, G. G. (1991). Changes in the mechanical
behavior of arteries following balloon angioplasty. In ASME Biomechanics Symposium AMD
(120).

Ridge, M. D., & Wright, V. (1966). Mechanical properties of skin: A bioengineering study of
skin structure. Journal of Applied Physiology, 21(5), 1602—1606.

Abrahams, M. (1967). Mechanical behaviour of tendon in vitro. A preliminary report. Medical
and Biological Engineering, 5, 433-443.

Lanir, Y., & Sverdlik, A. (2002). Time-dependent mechanical behavior of sheep digital ten-
dons, including the effects of preconditioning. Journal of Biomechanical Engineering, 124(1),
78-84.



4 Damage in Vascular Tissues and Its Modeling 117

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.
79.

80.

81.

82.

83.

84.

85.

. Salunke, N. V., & Topoleski, L. D. (1996). Biomechanics of atherosclerotic plaque. Critical
Reviews in Biomedical Engineering, 25(3), 243-285.

Hokanson, J., & Yazdani, S. (1997). A constitutive model of the artery with damage. Mechan-
ics Research Communications, 24(2), 151-159.

Balzani, D., Schroder, J., & Gross, D. (2006). Simulation of discontinuous damage incorpo-
rating residual stresses in circumferentially overstretched atherosclerotic arteries. Acta Bio-
materialia, 2(6), 609-618.

Calvo, B., Pena, E., Martins, P., Mascarenhas, T., Doblare, M., Jorge, R. M. N., et al. (2009).
On modelling damage process in vaginal tissue. Journal of Biomechanics, 42(5), 642-651.
Tanaka, E., & Yamada, H. (1990). An inelastic constitutive model of blood vessels. Acta
Mechanica, 82(1-2), 21-30.

Gasser, T. C., & Holzapfel, G. A. (2002). A rate-independent elastoplastic constitutive model
for biological fiber-reinforced composites at finite strains: Continuum basis, algorithmic for-
mulation and finite element implementation. Computational Mechanics, 29(4-5), 340-360.
Ionescu, 1., Guilkey, J. E., Berzins, M., Kirby, R. M., & Weiss, J. A. (2006). Simulation of
soft tissue failure using the material point method. Journal of Biomechanical Engineering,
128(6), 917-924.

Gasser, T. C., & Holzapfel, G. A. (2006). Modeling dissection propagation in soft biological
tissues. The European Journal of Mechanics—A/Solids, 25, 617-633.

Gasser, T. C., & Holzapfel, G. A. (2007). Modeling plaque fissuring and dissection during
balloon angioplasty intervention. Annals of Biomedical Engineering, 35(5), 711-723.
Ferrara, A., & Pandolfi, A. (2008). Numerical modelling of fracture in human arteries. Com-
puter Methods in Biomechanics and Biomedical Engineering, 11(5), 553-567.

Gasser, T. C. (2011). Numerical simulation of the failure of ventricular tissue due to deep
penetration: The impact of constitutive properties. Journal of Biomechanics, 44(1), 45-51.
Quinn, K. P, & Winkelstein, B. A. (2008). Altered collagen fiber kinematics define the onset
of localized ligament damage during loading. Journal of Applied Physiology, 105(6), 1881—
1888.

Knorzer, E., Folkhard, W., Geercken, W., Boschert, C., Koch, M. H. J., Hilbert, B., et al.
(1986). New aspects of the etiology of tendon rupture. Archives of Orthopaedic and Traumatic
Surgery, 105(2), 113-120.

Gentleman, E., Lay, A. N., Dickerson, D. A., Nauman, E. A., Livesay, G. A., & Dee, K. C.
(2003). Mechanical characterization of collagen fibers and scaffolds for tissue engineering.
Biomaterials, 24(21), 3805-3813.

Silver, F. H., Freeman, J. W., & Seehra, G. P. (2003). Collagen self-assembly and the devel-
opment of tendon mechanical properties. Journal of Biomechanics, 36(10), 1529-1553.
Lubliner, J. (2008). Plasticity theory. Courier Corporation.

Simo, J. C., & Hughes, T. J. R. (2006). Computational inelasticity (vol. 7). Springer Science
& Business Media.

Dugdale, D. S. (1960). Yielding of steel sheets containing slits. Journal of the Mechanics and
Physics of Solids, 8(2), 100-104.

Barenblatt, G. I. (1962). The mathematical theory of equilibrium cracks in brittle fracture.
Advances in Applied Mechanics, 7, 55-129.

Hillerborg, A., Modéer, M., & Petersson, P.-E. (1976). Analysis of crack formation and crack
growth in concrete by means of fracture mechanics and finite elements. Cement and Concrete
Research, 6(6), 773-781.

Oliver, J. (1996). Modelling strong discontinuities in solid mechanics via strain softening
constitutive equations. part 1: Fundamentals. International Journal for Numerical Methods
in Engineering, 39(21), 3575-3600.

Armero, F., & Garikipati, K. (1996). An analysis of strong discontinuities in multiplicative
finite strain plasticity and their relation with the numerical simulation of strain localization in
solids. International Journal of Solids and Structures, 33(20), 2863-2885.

Wells, G. N., & Sluys, L. J. (2001). Three-dimensional embedded discontinuity model for
brittle fracture. International Journal of Solids and Structures, 38(5), 897-913.



118

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

T.C. Gasser

. Gasser, T. C., & Holzapfel, G. A. (2003). Necking phenomena of a fiber-reinforced bar
modeled by multisurface plasticity. In IUTAM Symposium on Computational Mechanics of
Solid Materials at Large Strains (pp. 211-220). Springer.

Gasser, T. C., & Holzapfel, G. A. (2003). Geometrically non-linear and consistently linearized
embedded strong discontinuity models for 3D problems with an application to the dissection
analysis of soft biological tissues. Computer Methods in Applied Mechanics and Engineering,
192(47), 5059-5098.

Ortiz, M., & Pandolfi, A. (1999). Finite-deformation irreversible cohesive elements for three-
dimensional crack-propagation analysis. International Journal for Numerical Methods in
Engineering, 44(9), 1267-1282.

Coleman, B. D., & Noll, W. (1963). The thermodynamics of elastic materials with heat
conduction and viscosity. Archive for Rational Mechanics and Analysis, 13(1), 167-178.
Ogden, R. W. (1997). Non-linear elastic deformations. Courier Corporation.

Gasser, T. C., & Holzapfel, G. A. (2005). Modeling 3d crack propagation in unreinforced
concrete using pufem. Computer Methods in Applied Mechanics and Engineering, 194(25),
2859-2896.

Spencer, A. J. M. (1984). Constitutive theory for strongly anisotropic solids. In Continuum
theory of the mechanics of fibre-reinforced composites (pp. 1-32). Springer.

Antman, S. S. (1995). Nonlinear problems of elasticity.

Ogden, R. W. (2003). Nonlinear elasticity, anisotropy, material stability and residual stresses
in soft tissue. In Biomechanics of soft tissue in cardiovascular systems (pp. 65—108). Springer.
Auer, M., & Gasser, T. C. (2010). Reconstruction and finite element mesh generation of
abdominal aortic aneurysms from computerized tomography angiography data with minimal
user interactions. IEEE Transactions on Medical Imaging, 29(4), 1022-1028.

Forsell, C., Swedenborg, J., Roy, J., & Gasser, T. C. (2013). The quasi-static failure prop-
erties of the abdominal aortic aneurysm wall estimated by a mixed experimental-numerical
approach. Annals of Biomedical Engineering, 41(7), 1554—1566.

Forsell, C., Bjorck, H. M., Eriksson, P., Franco-Cereceda, A., & Gasser, T. C. (2014). Bio-
mechanical properties of the thoracic aneurysmal wall: Differences between bicuspid aortic
valve and tricuspid aortic valve patients. The Annals of Thoracic Surgery, 98(1), 65-71.
Simo, J. C., & Taylor, R. L. (1991). Quasi-incompressible finite elasticity in principal stretches.
Continuum basis and numerical algorithms. Computer Methods in Applied Mechanics and
Engineering, 85(3), 273-310.

Persson, B. N. J., Albohr, O., Heinrich, G., & Ueba, H. (2005). Crack propagation in rubber-
like materials. Journal of Physics: Condensed Matter, 17(44), R1071.

Yeoh, O. H. (1993). Some forms of the strain energy function for rubber. Rubber Chemistry
and Technology, 66(5), 7154-771.

Raghavan, M. L., & Vorp, D. A. (2000). Toward a biomechanical tool to evaluate rupture
potential of abdominal aortic aneurysm: Identification of a finite strain constitutive model and
evaluation of its applicability. Journal of Biomechanics, 33(4), 475-482.

Gasser, T. C., Auer, M., Labruto, F., Swedenborg, J., & Roy, J. (2010). Biomechanical rupture
risk assessment of abdominal aortic aneurysms: Model complexity versus predictability of
finite element simulations. European Journal of Vascular and Endovascular Surgery, 40(2),
176-185.

Holzapfel, G. A., Gasser, T. C., & Stadler, M. (2002). A structural model for the viscoelas-
tic behavior of arterial walls: continuum formulation and finite element analysis. European
Journal of Mechanics-A/Solids, 21(3), 441-463.

Gasser, T. C., Gudmundson, P., & Dohr, G. (2009). Failure mechanisms of ventricular tissue
due to deep penetration. Journal of Biomechanics, 42(5), 626—-633.

Wriggers, P. (2006). Computational contact mechanics. Springer Science & Business Media.
Lanir, Y., Lichtenstein, O., & Imanuel, O. (1996). Optimal design of biaxial tests for structural
material characterization of flat tissues. Journal of Biomechanical Engineering, 118(1), 41—
47.



	4 Damage in Vascular Tissues and Its Modeling
	4.1 Introduction
	4.2 Continuum Mechanical Consequences  of Damage---The Basics
	4.2.1 Strain Localization
	4.2.2 Dissipation
	4.2.3 Regularization
	4.2.4 Experimental Consequences

	4.3 Histology of the Vessel Wall
	4.3.1 The Extracellular Matrix
	4.3.2 Collagen and Its Organization
	4.3.3 Proteoglycans

	4.4 Irreversible Constitutive Modeling of Vascular Tissue
	4.4.1 An Elastoplastic Damage Model for Collagenous Tissue

	4.5 Failure Represented by Interface Models
	4.5.1 Continuum Mechanical Basis
	4.5.2 Formulation for the Cohesive Material Model

	4.6 Applications
	4.6.1 Organ Level Simulation of Abdominal Aortic Aneurysm Rupture
	4.6.2 Model Parameter Estimation from in Vitro Tensile Tests
	4.6.3 Ventricular Tissue Penetration

	4.7 Conclusions
	References


