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Abstract. This paper presents a novel mesh reorientation algorithm that enhances the reliability of
crack path prediction in cohesive zone cracking models by reducing the inherent mesh bias. The pro-
posed method realigns interface elements to maximize their local tensile traction, facilitating cracking
in energetically more favorable direction. Extensive testing shows that the algorithm consistently im-
proves results in 2D and 3D applications, enabling more reliable predictions, including cracks origi-
nating within the domain, without requiring crack tracking or pre-specifying crack initiation points.

1 INTRODUCTION
A prevalent technique in finite element mod-

eling for simulating fractures in brittle and
quasi-brittle materials involves the use of cohe-
sive zone models with zero-thickness interface
elements [1]. This method enables a set of ad-
vantages, namely the discrete representation of
cracks without the need of regularization tech-
niques and the ability to handle multiple cracks,
crack branching and coalescing. Moreover, in-
terface elements allow for simple modeling of
crack closure. Not to mention, that different
traction-separation relations can be integrated
within the interface elements and can be reli-
ably used in simulations from the meso- to the
structural-scale [2, 3].

One significant limitation of using interface
elements is the high computational load, pri-
marily due to the duplication of nodes when in-
terface elements are inserted in the finite ele-
ment mesh between every two adjacent contin-
uum elements. To mitigate the computational
burden, a well-established strategy is the adap-
tive insertion of interface elements during anal-
ysis, where they are inserted on-the-fly only

where and when they are needed, effectively
reducing the number of nodes duplication and,
consequently, computational demand [4].

Since cracks have to follow mesh-dependent
paths along the boundaries of continuum ele-
ments, predicting crack propagation with inter-
face elements poses a second challenge, which
is mesh-biased results. Some strategies have
been proposed to diminish this bias in the crack
paths of two-dimensional finite element models,
see e.g., [5]. These methods involve reposition-
ing elements to align their edges in directions
determined by stress or energy criteria, e.g, con-
figurational forces. Nonetheless, such methods
can only handle cases where a crack originates
from a notch or a pre-defined node and by keep-
ing track of the advancing crack front. For 3D
problems, no reliable solution is available to the
best knowledge of the authors.

This contribution introduces a computational
approach for predicting crack initiation and
propagation in both two- and three-dimensional
finite element models. This is achieved through
the adaptive insertion of interface elements,
which are augmented with a cohesive law and

1

https://doi.org/10.21012/FC12.1138
MS08-1:1

https://doi.org/10.21012/FC12.1138


Koussay Daadouch, Vladislav Gudžulić and Günther Meschke

a crack path prediction mechanism based on lo-
cal traction of interface elements. The mesh is
then adaptively adjusted by slightly moving the
nodes, which reorients the interface elements
such that they align with the computed crack
path. The efficacy of this method is validated
through classic benchmarks, including the L-
shaped panel and the single-edge notched ten-
sion and shear tests. In addition, we demon-
strate the method’s capability to predict cracks
originating within the domain, not from a notch
or the domain’s boundary, by modeling the
cylinder splitting test.

This paper briefly explores the finite element
formulation of the used interface elements and
their traction separation relation in Section 2. In
Section 3, we present the algorithms for adap-
tive insertion of interface elements and adaptive
mesh reorientation. The simulation results of
several benchmarks are discussed in Section 4.

2 MODEL FORMULATION
We model the solid body as homogeneous

linear elastic and discretize it with standard
small-displacements Lagrangian elements: 3-
node triangles in 2D and 4-node tetrahedrons
in 3D. To model fracture of the body, we in-
sert zero-thickness interface elements equipped
with an intrinsic traction-separation law. We
utilize 4-node line interface elements in 2D
(Figure 1-a) and 6-node triangular interface el-
ements in 3D (Figure 1-b). Each interface ele-
ment bridges two adjacent continuum elements
and represents a crack when it is damaged [1,3].

The cohesive law governing these interface
elements is linear intrinsic, characterized by a
high penalty stiffness Kpen

c in the linear elastic
region (Figure 1-c). This stiffness ensures that
intact interface elements have negligible influ-
ence on the overall system response.

The interface element remains intact until its
effective traction, t̄c, reaches the material’s ten-
sile strength ftu. At this point, damage initiates,
and the interface enters the softening phase and
begins to open, simulating the formation of a
crack. The effective traction t̄c and the effective
opening δ̄c of the interface are calculated based

on the local projections of the traction vector
and opening onto the interface’s local axes, ex-
pressed as:

t̄c(t) =

√
⟨tcx′⟩+2 +

1

β2
(t2cy′ + t2cz′),

δ̄c =

√
⟨[[ux′ ]]⟩+2 +

β2

κ2
([[uy′ ]]2 + [[uz′ ]]2),

(1)

where ⟨•⟩+ denotes Macauley brackets, tcx′ ,
tcy′ , and tcz′ are the local components of the
traction vector t, and [[ux′ ]], [[uy′ ]], and [[uz′ ]] are
the local components of the interface’s opening.
The parameter β is the ratio of shear to tensile
strength (β = fsu

ftu
), and κ is the ratio of mode II

to mode I fracture energies (κ =
GF,II

GF,I
).

The damage variable d characterizes the
degradation of the interface element, d =
min(1 − qc

Kcδmax
, 1), ranging from 0 to 1. When

the interface is intact, d = 0. As the effec-
tive traction t̄c reaches the tensile strength ftu,
damage begins, and d increases. During this
phase, the element experiences softening, with
its stiffness reducing according to the relation
Kc = (1 − d)Kpen

c . When the effective open-
ing δ̄c reaches the maximum opening δmax, com-
plete decohesion occurs, at which point d = 1.

The maximum opening δmax is calculated as:

δmax =
2GF,I

ftu
+

ftu
Kpen

c
. (2)

The failure surface in the traction space,
shown in Figure 1-d, is defined as:

F̂c(t, qc) = t̄c − qc ≤ 0,

qc(δ̄c) = ftu
δmax − δ0
δ̄c − δ0

,
(3)

where δ0 = ftu/K
pen
c .

In essence, the behavior of intrinsic inter-
face elements follows a well-defined progres-
sion: initially, they act as intact, highly stiff el-
ements that do not alter the system’s response.
As loading increases, some of these elements
may reach their tensile strength, leading to dam-
age initiation, softening and opening, simulat-
ing crack development.
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Figure 1: (a) 4-node line interface element in 2D with its local axes. (b) 6-node triangular interface
element in 3D with its local axes. (c) Linear intrinsic traction-separation law. (d) Failure surface in
the traction space.

3 MESH ADAPTATION ALGORITHMS
To improve the usability and reliability of

the cohesive cracking models with interface el-
ements, we use two algorithms: adaptive inser-
tion of interface elements and adaptive mesh re-
orientation. These algorithms are executed af-
ter finding the solution of every load step, and
are independent, i.e., we can run one algorithm
without the other if needed.

3.1 Adaptive Insertion of Interface Ele-
ments

To reduce computational cost associated
with duplicated nodes of a priori inserting in-
terface elements in the domain, we adaptively
insert interfaces only where and when they are
needed. This approach significantly reduces
node duplication and is based on the efficient
method proposed in [4], which leverages a com-
pact, adjacency-based topological data structure
[6]. This data structure efficiently stores neces-
sary information while allowing quick retrieval
of adjacency data, crucial for mesh updates.

An interface element is inserted in the facet
between two adjacent continuum elements. The
insertion criterion determines when to insert the
element based on the facet’s traction t = σ · n,
where σ is the stress tensor projected on that
facet and n is the facet’s normal vector. When
the facet’s effective traction t̄ (see Equation
1), exceeds the critical value kftu, the facet
is flagged and an interface element is inserted.
The insertion factor, k, chosen between 0.6 and
0.8, ensures reliable insertion of interface ele-
ments by accounting for potential stress field in-

accuracies. Setting k = 0 means pre-inserting
interface elements in the entire domain. Worth
noting is that, we insert intact interface elements
that do not affect the overall behavior of the
structure. The actual cracking, i.e., opening of
the interface elements, might occur later when
their failure criterion is met (see Equation 3).

Inserting an interface element requires first
retrieving adjacency information of the flagged
facet to determine which nodes need to be du-
plicated. Upon duplicating the nodes and in-
serting the interface element, the connectivity
of the mesh has to be updated to reflect the new
changes (for details refer to [4, 7]).

3.2 Adaptive Mesh Reorientation
The goal of this work is to develop a method

that improves the reliability of interface ele-
ments in predicting crack paths while reduc-
ing mesh dependency. This method should be
applicable in both 2D and 3D scenarios and
capable of handling multiple cracks, including
branching and coalescence, without the need
for crack tracking. Additionally, it should pre-
dict cracks originating within the solid domain,
not just from notches (singularities) or bound-
aries. Rather than aiming for perfect crack tra-
jectories, the focus is on enhancing results ob-
tained from poorly shaped meshes and mini-
mizing mesh bias.

The algorithm works by optimizing the ori-
entation of intact interface elements. Every in-
tact interface experiences traction as it bridges
two continuum elements. The traction is a vec-
tor that has normal and tangential components
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Figure 2: Adaptive mesh reorientation algorithm. White, blue, green and red indicate intact, flagged,
reoriented and opened interface elements, respectively.

when projected onto the local axis of the inter-
face element. Slightly changing the orientation
of the interface element marginally affects the
traction vector, however, it can significantly al-
ter its local components projected onto the in-
terface. Exploiting this, we can carefully ori-
ent an interface element such that we maximize
its normal tensile traction. Since the traction-
separation law we are using favors cracking un-
der pure tensile traction (mode I), orienting the
element to maximize its tensile traction allows
for cracking with less energy. This reduces the
mesh-bias as we allow the solid body to de-
velop energetically more favorable cracks com-
pared to the same scenarios without reorienta-
tion. In essence this method primarily promotes
mode I cracking but does not eliminate mode II
or mixed-mode cracking; it simply allows ele-
ments on the verge of mode I cracking to crack
in a more energetically favorable orientation.
The algorithm is summarized as follows and is
depicted in Figure 2.

1. After finding the solution of the current load-
step, compute the traction of all intact interface
elements. The intact interfaces that have a ten-
sile traction higher than the tensile strength re-
duced by a factor (ranging from 0.5 to 0.8), are
flagged for realignment.

2. For every flagged interface we compute the new
orientation of the element such that the tensile
traction is maximized, i.e, the element is per-
pendicular to its traction. The new orientation
is defined by a line in 2D and a surface in 3D.

3. To realign an interface element, we first check
the movability of its nodes. Nodes are not al-
lowed to move if they cause ill-shaped elements
in the vicinity, affect opened (damaged) inter-
face elements or if they change the boundary
or boundary conditions of the model. For ex-
ample, in Figure 2-3, the corner node is not
allowed to move, while the inner node of the
flagged interface is. Then the movable nodes
are moved to align the interface in the pre-
calculated orientation. A simple mesh smooth-
ing is performed to the mesh in the vicinity of
the moved nodes to insure a good quality mesh.

4. We continue the analysis with further load-
steps. When an interface experience high trac-
tion, triggering its damage criterion, it starts to
open without any further intervention from the
mesh reorientation algorithm.

4 RESULTS
This section presents the results obtained

using the adaptive mesh reorientation scheme
across a series of standard benchmarks. Ta-
ble 1 lists the simulated benchmarks, detailing
their geometry, boundary conditions, expected
crack paths (drawn in red), and material proper-
ties. The chosen benchmarks and their expected
crack paths are well-documented in the litera-
ture, e.g., [8, 9], and the material properties are
specifically adapted here for use with the cohe-
sive crack model. The presented cylinder split-
ting test (Table 1) is improvised to demonstrate
the capability of the method to predict cracks
originating from within the domain.
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Table 1: Simulated benchmarks

Benchmark L-shaped panel
Single-edge

notched tension
Single-edge

notched shear
Cylinder
splitting

Geometry and
boundary
conditions
Dimensions in mm
Expected crack
path shown in red

Dimension 2D 2D 3D 2D 3D 2D
Thickness 100mm 1mm 0.2mm 1mm 0.2mm 1mm
Elastic modulus 20000N/mm2 210000N/mm2 210000N/mm2 30000N/mm2

Poisson’s ratio 0.18 0.299999 0.299999 0.2
Tensile strength 2.7N/mm2 500N/mm2 500N/mm2 2N/mm2

Fracture energy 0.095N/mm 0.1N/mm 0.1N/mm 0.06N/mm
β = 10, κ = 10 β = 1, κ = 1 β = 1, κ = 1 β = 50, κ = 10

The objective of this testing campaign is not
to compare the cohesive crack model to other
models. Instead, the focus is on demonstrating
how the proposed adaptive mesh reorientation
scheme enhances the crack prediction capabili-
ties of the cohesive zone crack model. This im-
provement leads to more accurate crack paths,
better overall simulation results and increases
the reliability of the model.

4.1 L-Shaped Panel Test
In this study, we utilized a coarse unstruc-

tured mesh with 1056 linear triangular elements
for two simulations, one with and one without
adaptive mesh reorientation. Both simulations
involved the adaptive insertion of interface ele-
ments, depicted in white in Figure 3.

Figure 3-a illustrates the deformed shape
from the standard analysis, which does not in-
corporate adaptive mesh reorientation. In this
scenario, the crack, shown in red, can only
propagate along the boundaries of continuum
elements of the initial mesh. However, due to
the mesh configuration, the crack cannot follow
its true minimum energy path. Instead, it takes
the lowest energy path permitted by the mesh,

which results in the crack deviating and head-
ing towards the top left corner, as seen in Fig-
ure 3-a. In contrast, Figure 3-b presents the de-
formed shape of the model when adaptive mesh
reorientation is employed. During this analy-
sis, several elements near the cracked region are
reoriented, highlighted in green. This reorien-
tation allows the crack to more closely follow
the true minimum energy path, resulting in a
final crack path that closely approximates the
ideal solution. Figure 3-c compares the load-
displacement curves for both simulations. The
model with adaptive mesh reorientation exhibits
a lower peak load, indicating a more accurate
response, while the model without reorienta-
tion shows a stiffer response with a higher peak
load. This increased strength arises from the
constraints imposed by the original mesh con-
figuration, which restricts crack formation.

4.2 Single-edge Notched Tension Test

We have used a coarse unstructured mesh of
876 linear triangular elements for the 2D analy-
sis and 15647 linear tetrahedral elements for the
3D analysis. All simulations utilized the adap-
tive insertion of interface elements.
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(a) (b) (c)

Figure 3: L-shaped panel test simulation results: (a) Standard analysis and (b) using adaptive mesh
reorientation. White, green and red lines represent the unaltered, realigned and opened interface el-
ements, respectively. (c) Load-displacement curves for both simulations. Mesh reorientation results
in a more accurate crack that closely follows the experimental crack path and requires less energy, as
indicated by the lower peak load in the load-displacement curve.

4.2.1 Two-dimensional analysis

Figure 4-a shows the deformed shape result-
ing from the standard analysis, without adap-
tive mesh reorientation. In contrast, Figure 4-b
displays the deformed shape of the model when
adaptive mesh reorientation is applied.

Similarly to the observation in Section 4.1,
the standard analysis leads to a mesh-biased
crack path, which deviates from the expected
horizontal direction and tends downward in
this case. On the other hand, the crack ob-
tained through adaptive mesh reorientation is
nearly perfectly horizontal, matching the ex-
pected crack path.

Figure 4-c compares the load-displacement
curves for both simulations. The model with
adaptive mesh reorientation exhibits a lower
peak load, while the model without reorienta-
tion shows a higher peak load. As discussed in
Section 4.1, the increased strength in the latter
case arises from the constraints of the original
mesh configuration, which restrict the crack’s
ability to follow the true minimum energy path.
The lower peak load in the reoriented mesh in-
dicates that it more effectively facilitates crack
formation, requiring less energy for the crack to
initiate and propagate.

4.2.2 Three-dimensional analysis

Figure 5-a shows the deformed shape from
the standard analysis without adaptive mesh re-
orientation, while Figure 5-b depicts the de-
formed shape when adaptive mesh reorientation
is applied.

Unlike the 2D simulation, discussed in Sec-
tion 4.2.1, the adaptive mesh reorientation in
this 3D case does not result in an almost hor-
izontal crack surface as expected. However, the
crack surface achieved with mesh reorientation
is noticeably smoother compared to the one ob-
tained without it. The limitation here lies in the
configuration of the original mesh. While the
reorientation process could realign elements by
adjusting some nodes, it is constrained by the
requirement to maintain a prescribed minimum
mesh quality.

Despite the crack surface not being perfect,
it is a clear improvement over the case without
reorientation. This improvement is further evi-
denced in the load-displacement curves shown
in Figure 5-c. The model with mesh reorienta-
tion exhibits a lower peak load, indicating that
the mesh facilitated the crack formation as com-
pared to the case without reorientation.
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(a) (b) (c)

Figure 4: Single-edge notched tension test simulation results in 2D: (a) Standard analysis and (b)
using adaptive mesh reorientation. White, green and red lines represent the unaltered, realigned and
opened interface elements, respectively. (c) Load-displacement curves for both simulations. Mesh
reorientation results in a more accurate crack that almost perfectly matches the expected horizontal
crack path and requires less energy, as indicated by the lower peak load in the load-displacement
curve.

(a) (b) (c)

Figure 5: Single-edge notched tension test simulation results in 3D: (a) Standard analysis and (b) us-
ing adaptive mesh reorientation. Opened interface elements are shown in red. (c) Load-displacement
curves for both simulations. Mesh reorientation results in a smoother crack surface that partially
matches the expected horizontal crack path and requires less energy, as indicated by the lower peak
load in the load-displacement curve.
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(a) (b) (c)

Figure 6: Single-edge notched shear test simulation results in 2D: (a) Standard analysis and (b) using
adaptive mesh reorientation. White, green and red lines represent the unaltered, realigned and opened
interface elements, respectively. (c) Load-displacement curves for both simulations. Mesh reorien-
tation results in a more accurate crack that closely follows the expected crack path and requires less
energy, as indicated by the lower peak load in the load-displacement curve.

4.3 Single-edge Notched Shear Test
We have used a coarse unstructured mesh of

876 linear triangular elements for the 2D analy-
sis and 15647 linear tetrahedral elements for the
3D analysis. All simulations utilized the adap-
tive insertion of interface elements.

4.3.1 Two-dimensional analysis

Figure 6-a shows the deformed shape result-
ing from the standard analysis, without adap-
tive mesh reorientation. In contrast, Figure 6-b
displays the deformed shape of the model when
adaptive mesh reorientation is applied.

As discussed in Section 4.1, the standard
analysis leads to a mesh-biased crack path,
which deviates from the expected direction and
tends to the bottom right corner. On the other
hand, the crack path obtained through adaptive
mesh reorientation is nearly in perfect agree-
ment with the expected solution.

Figure 6-c compares the load-displacement
curves for both simulations. The model with
adaptive mesh reorientation exhibits a lower
peak load, while the model without reorienta-
tion shows a higher peak load. As discussed in
Section 4.1, the increased strength in the latter

case arises from the constraints of the original
mesh configuration, which restrict the crack’s
ability to follow the true minimum energy path.
The lower peak load in the reoriented mesh in-
dicates that it more effectively facilitates crack
formation, requiring less energy for the crack to
propagate.

4.3.2 Three-dimensional analysis

Figure 7-a shows the deformed shape from
the standard analysis without adaptive mesh re-
orientation, while Figure 7-b depicts the de-
formed shape when adaptive mesh reorientation
is applied.

Although both crack surfaces are close to
the expected crack path, the surface obtained
with adaptive mesh reorientation (Figure 7-b) is
significantly smoother, facilitating easier crack
propagation. This is reflected in the load-
displacement curve in Figure 7-c, where the
simulation with reorientation exhibits a slightly
lower peak load compared to the standard anal-
ysis.
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(a) (b) (c)

Figure 7: Single-edge notched shear test simulation results in 3D: (a) Standard analysis and (b) using
adaptive mesh reorientation. Opened interface elements are shown in red. (c) Load-displacement
curves for both simulations. Mesh reorientation results in a more accurate and a smoother crack sur-
face that closely follows the expected crack path and requires less energy, as indicated by the lower
peak load in the load-displacement curve.

4.4 Splitting Test

In this study, we utilized a coarse unstruc-
tured mesh consisting of 354 linear triangular
elements for two simulations: one with adap-
tive mesh reorientation and one without. In
both cases, interface elements were pre-inserted
throughout the entire domain. Pre-inserting in-
terface elements helps to mitigate potential side
effects associated with the adaptive insertion,
such as delayed insertion of some elements.
This approach allows us to focus specifically on
the impact of mesh reorientation and how it im-
proves the results relative to the original mesh
configuration.

Figure 8-a illustrates the deformed shape
from the standard analysis, which does not in-
clude adaptive mesh reorientation. In this sce-
nario, the crack, shown in red, is constrained to
propagate along the boundaries of the contin-
uum elements of the initial mesh. Due to this
mesh configuration, the crack cannot follow its
true minimum energy path, leading to the for-
mation of two independent diagonal cracks.

In contrast, Figure 8-b shows the deformed
shape of the model when adaptive mesh reori-

entation is applied. During this analysis, sev-
eral elements near the cracked region are re-
oriented, highlighted in green. This reorienta-
tion allows the crack to more closely align with
the true minimum energy path, resulting in a fi-
nal crack path that closely approximates the ex-
pected failure mode.

Figure 8-c compares the load-displacement
curves for both simulations. The model with
adaptive mesh reorientation exhibits a sudden
failure, caused by the formation of a splitting
crack. In contrast, the model without reorien-
tation shows some softening due to the forma-
tion of diagonal cracks but does not experience
failure, instead displaying a spurious increase
in strength. This apparent high strength is a
consequence of the original mesh configuration,
which restricts proper crack formation.

5 CONCLUSIONS
This paper introduces the adaptive mesh re-

orientation algorithm, designed to enhance the
crack path prediction capability of the cohesive
zone cracking model using zero-thickness in-
terface elements. While it builds on the estab-
lished method of adaptive insertion of interface
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(a) (b) (c)

Figure 8: Splitting test simulation results: (a) Standard analysis and (b) using adaptive mesh reorien-
tation. White, green and red lines represent the unaltered, realigned and opened interface elements,
respectively. (c) Load-displacement curves for both simulations. The original mesh does not allow
the formation of a single splitting crack across the specimen. Mesh reorientation allows for it, leading
to sudden failure of the specimen as shown in the load-displacement curve.

elements, which is known for reducing com-
putational costs, this proposed approach sig-
nificantly improves the accuracy of crack pre-
dictions by reducing mesh-bias in crack paths,
thereby enhancing the overall reliability of re-
sults obtained with the cohesive zone method.

The adaptive mesh reorientation procedure
works by realigning intact interface elements to
maximize their local tensile traction. This al-
lows the elements to develop cracks with less
energy. While this method primarily facilitates
mode-I cracking, it also benefits scenarios in-
volving mode-II loading, as the solid body tends
to crack in mode-I (as demonstrated in Section
4.3). Nevertheless, the method does not prevent
mode-II or mixed mode cracking; it simply en-
ables elements that are about to crack in mode-I
to do so in a more energetically favorable ori-
entation. The main objective of this approach is
to reduce mesh-bias in mode-I dominated crack
paths, enabling cracks to overcome the limita-
tions imposed by the initial mesh. The goal is
not to achieve cracks that perfectly match an-
alytical solutions or experimental results, but
rather to improve the reliability of the well-
established cohesive zone method.

Extensive testing demonstrates the effective-
ness of this approach, showing consistent im-

provements in various benchmarks when com-
paring results with and without adaptive mesh
reorientation. The reorientation consistently
produces better outcomes, with improvements
ranging from subtle to significant, even en-
abling failure modes that would otherwise be
unattainable (see Section 4.4). Additionally,
the proposed method is robust across both 2D
and 3D applications without requiring differ-
ent algorithms for each. Although not explic-
itly demonstrated in the tests, this method is
capable of handling multiple cracks, including
branching and coalescence, without the need
for crack tracking. This capability arises be-
cause the method realigns intact interface ele-
ments with high traction, regardless of their po-
sition relative to existing cracks, with only one
condition, which is not to affect the orientation
of opened (damaged) elements. Finally, the in-
terfaces with high-enough traction, reaching the
cracking criteria, open naturally, without any
intervention from the reorientation algorithm.
It is worth noting that not every opened inter-
face element is reoriented, and not every reori-
ented element will open. Moreover, since only
intact interface elements and linear elastic bulk
elements are allowed to be reoriented, the re-
orientation does not alter the loading history of
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the structure. To our knowledge, this is the
only mesh-reorientation-based discrete crack-
ing method to predict crack paths originating
from within the domain, rather than just from
a singularity or the boundary.
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