friried applied
e sciences

Article

Further Development of 3D Crack Growth Simulation Program
to Include Contact Loading Situations

Tintu David Joy *, Deborah Weif3, Britta Schramm

check for
updates

Citation: Joy, T.D.; Weif, D.;
Schramm, B.; Kullmer, G. Further
Development of 3D Crack Growth
Simulation Program to Include
Contact Loading Situations. Appl. Sci.
2022, 12, 7557. https:/ /doi.org/
10.3390/app12157557

Academic Editors: Roberto Citarella

and Venanzio Giannella

Received: 10 June 2022
Accepted: 24 July 2022
Published: 27 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Gunter Kullmer

Applied Mechanics, Paderborn University, Warburger Strafie 100, 33098 Paderborn, Germany;
weiss@fam.upb.de (D.W.); schramm@fam.upb.de (B.S.); kullmer@fam.upb.de (G.K.)
* Correspondence: joy@fam.upb.de; Tel.: +49-5251-60-5339

Abstract: Crack growth in structures depends on the cyclic loads applied on it, such as mechanical,
thermal and contact, as well as residual stresses, etc. To provide an accurate simulation of crack
growth in structures, it is of high importance to integrate all kinds of loading situations in the
simulations. Adapcrack3D is a simulation program that can accurately predict the propagation of
cracks in real structures. However, until now, this three-dimensional program has only considered
mechanical loads and static thermal loads. Therefore, the features of Adapcrack3D have been
extended by including contact loading in crack growth simulations. The numerical simulation of
crack propagation with Adapcrack3D is generally carried out using FE models of structures provided
by the user. For simulating models with contact loading situations, Adapcrack3D has been updated to
work with FE models containing multiple parts and necessary features such as coupling and surface
interactions. Because Adapcrack3D uses the submodel technique for fracture mechanical evaluations,
the architecture of the submodel is also modified to simulate models with contact definitions between
the crack surfaces. This paper discusses the newly implemented attribute of the program with the
help of illustrative examples. The results confirm that the contact simulation in Adapcrack3D is a
major step in improving the functionality of the program.
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1. Introduction

Fatigue cracks are often detected in structures, and their propagation due to cyclic
loading have led to cases of damage (in nuclear reactor components, pipelines, and trans-
port systems, among others) [1,2]. Due to the high maintenance costs and the need for
robust structures or for damage tolerant design, it is of high importance that the fatigue
strength of materials is also taken into account in the development and manufacturing
process [3-5]. In addition to this, simulation of fatigue crack growth in structures provides
an estimation of the propagation of cracks within the structure and of the residual lifetime
of structures, thereby enabling structural replacement before the ultimate failure. For these
estimations, crack growth simulation programs such as Adapcrack3D are utilized [6,7].
The models that are used for these crack growth simulations have to incorporate all kinds
of loadings acting on the component in order to predict the crack growth as accurately as
possible. Currently, Adapcrack3D simulates models that are defined with mechanical loads
such as pressure and concentrated loads [8,9]. The program can also simulate cracks in FE
models with static thermal loads [10]. Another important loading condition that is very
common in the engineering field is contact loading, which generally occurs in rails, wheels,
gears, bearings, etc. There are numerous works in the literature that simulate crack growth
under contact loads in which contact definitions are defined between structures or between
crack surfaces. One of the most common examples found in the literature is crack growth
due to rolling contact fatigue [11-13]. This can be extensively found on rails [14-17]. There
are also crack growth simulations carried out under contact loading in other mechanical
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components such as gears, bearings, etc. [18,19]. Numerical methods such as the boundary
element method, the finite element method and the extended finite element method are all
adopted for simulations with contact loads [20-23].

Contact loading can also be found in components that are joined together with pro-
cesses such as clinching. This joining process enables the joining of different and coated
materials without additional joining parts or heat input. In addition, the process is carried
out in a single step, resulting in a cost-effective and simple joining process [24]. In the
joining process, two sheets are arranged one above the other and pressed against the die
with the aid of a punch, forming an undercut and, thus, a form-fit and force-fit connection.
The joining process creates a large contact area between the die and the punch-sided metal
sheet, which influences crack growth [25]. In order to extend the scope of application
to other components, Adapcrack3D has to be extended to also consider contact loading.
Crack growth simulation programs such as Beasy [26], Franc3D [22], and Zencrack [27] can
simulate models with contact loading. Furthermore, the programs Beasy and Zencrack can
also simulate crack face interactions [28,29].

This paper focuses on the newly implemented features of contact interactions in the
three-dimensional crack growth simulation program Adapcrack3D. The paper addresses
contact interactions between components as well as contact interactions between crack
faces. The next section therefore gives a short overview of the functionality of the program.
It provides details of how Adapcrack3D is designed to simulate crack growth in an FE
model. With the help of a practical example of a clinched joint, the Section 3 provides
the details of crack growth simulation in structures with contact definitions. There, the
clinching process is also briefly described. In addition to the contact interactions between
structures, there are also cases in which contact interactions appear between the crack
surfaces. The architecture of the submodel generated by Adapcrack3D is also updated to
accommodate models that have contact interactions between the crack surfaces. This is
explained in detail in Section 4. Models of 3D structures are considered in Sections 3 and 4
to demonstrate the simulation processes.

2. 3D Crack Growth Simulation Program—Adapcrack3D

Adapcrack3D is a crack growth simulation program based on the Finite Element
Method (FEM) to predict crack growth in structures and to estimate the residual service
lifetime [3]. The architecture of the program is displayed in Figure 1. It is divided into three
modules: (i) Netadapt3D, (ii) FE solver, and (iii) Netcrack3D. At first, the FE models of the
structure and of the initial crack are submitted to the first module Netadapt3D. Thereby,
the FE model of the structure contains the boundary conditions necessary to perform the
crack growth simulation. The initial crack is modelled with a 2D mesh of the crack surface
describing the shape and the position of the crack in the structure. Netadapt3D inserts the
initial crack in the model and performs necessary mesh adaptations around the crack to
generate an FE model of the structure with crack. The program uses the submodeling tech-
nique for the fracture mechanical analysis. Hence, the module Netadapt3D also generates
a submodel along the crack front. The global model for the submodel is the previously gen-
erated model of the structure with crack. In the second module, both FE models generated
by Netadapt3D are used for static stress analysis of the models, and the results obtained
from the simulation are transferred to the third module Netcrack3D. This module performs
the fracture mechanical evaluation, in which the strain energy release rates, G, are first
calculated using the modified virtual crack closure integral (MVCCI) [7,30]. The fracture
mechanical evaluation is carried out exclusively with the submodel. The module then
determines the stress intensity factors (Kj, Kyj, Kiyp, and Ky,) for all the nodes along the crack
front. The crack propagation is calculated with mixed mode crack propagation criteria such
as the criterion from Richard [31,32] or the o7 criterion from Schéllmann et al. [33]. In those
concepts, values such as the equivalent stress intensity factors, Ky, and the crack kinking
and twisting angles are calculated. If the crack is able to propagate, Netcrack3D calculates
the coordinates of the new crack front nodes depending on the crack increment provided
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by the user. The load cycles for this amount of crack growth are computed thereafter. The
newly calculated crack front coordinates are forwarded to the first module Netadapt3D,
which inserts the extended crack front in the FE model and thereby generates FE models of
the global model with crack and the submodel for the next step. This process will continue
until a termination criterion defined in the program is reached, e.g., the equivalent stress
intensity factor calculated at the crack front is equal or larger than the fracture toughness,
Kic, of the material. If the crack is not able to grow, i.e., if the cyclic equivalent stress
intensity factor, AKy, is less than the threshold, AKy,, of the material, the program will end
the simulation. In order to perform the fracture mechanical evaluation, the aforementioned
fracture mechanical material parameters obtained from experiments have to be passed on
to the module Netcrack3D. The crack growth rate curves obtained from the experiments
are described mathematically with the help of equations such as Forman/Mettu [34] or
Erdogan/Ratwani [35] to obtain fracture mechanical material parameters. This informa-
tion, as well as the R-Ratio of the applied load, is given to Adapcrack3D for the fracture
mechanical evaluation, to thereby estimate the load cycles.
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¢ Inserting cracks in the FE-Model

. or crack extension
Technical )
o * Doubling crack surface
initial crack .
® Mesh adaptation

Temperature
distribution
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Figure 1. Structure of the crack growth simulation program Adapcrack3D.

For FE models with temperature boundary conditions, the input model is simulated
only with the thermal loading before inserting the crack in the model to obtain the tem-
perature distribution in the model. This result will be used in all subsequent steps during
the crack growth simulation. The temperature distribution in the model will be added
as a ‘pre-defined field” in the global model and submodel during the crack growth. In
Netadapt3D re-meshing around the crack happens during crack insertion and crack prop-
agation. Even though the input FE model and the FE models generated by Netadapt3D
are slightly different, by applying interpolation the FE solver calculates the temperature
distribution in the global model and the submodel. This procedure is described in detail
in [10].

3. Simulation of 3D Structures with Contact Loading

The problem of fatigue crack growth due to contact loading is common among mechan-
ical components. Cracks due to fatigue are often detected in examples such as rail rolling
contact [36], brake systems [37,38], rotating machinery [39], or bearings [40]. Up until now,
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Adapcrack3D has only been able to simulate cracks in input models that consist of only one
structure. Compared to such models, in FE models containing contact definitions, there
will be definitions of multiple structures, contact interactions, coupling constraints, etc.
Therefore, to incorporate contact loading in the program, Adapcrack3D has been updated
to work with models containing such definitions. Because, in Adapcrack3D, the module
Netadapt3D makes alterations to the FE mesh and generates FE models for the simulation,
the further development of the program took place only in this module. As a result, this
time the global model will be created with multiple structure definitions, etc., as in the
input FE model. The process of crack insertion and submodel generation remains the same.
A 3D model of sheets with a thickness of 1.5 mm each, joined with the clinching
process, is considered as an example to simulate crack growth in Adapcrack3D with contact
loading. The process cycle consists of four different steps, which are presented in Figure 2.
In the first step, the two sheets to be clinched are positioned one above the other between
the blankholder and the die assembly. The blankholder provides a preload force; thus,
the joining parts cannot slip away during the joining process. The punch is subsequently
moved downward and applies a force to the sheets. The metal sheets are enforced locally
into the die assembly (Step 2). In the third step, the radial flow of material forms the clinch
joint with its typical interlock as the punch moves further down and the die-sided sheet
touches the bottom of the die assembly. In the last step, the punch is retracted [25].

sink
1) positioning 2) enforce 3) clinch 4) retraction
preload extrusion

punch

blankholder
join parts

DA nd

die assembly.

Figure 2. The process cycle of creating a clinched joint.

The 3D model of the clinched joint, the contact definition between the punch-sided
and the die-sided sheets, and the boundary conditions are shown in Figure 3. Because
the clinched joints have rotational symmetry, only one half of the model is considered.
The surfaces in the XY plane of the punch-sided sheet and the die-sided sheet have the
symmetrical boundary condition in the z-direction, as shown in Figure 3a. One half of the
curved surface of the die-sided sheet is restrained in the x- and y-directions, as displayed
in Figure 3a,b. A distributed load of F = 350 N is applied on the punch-sided sheet as the
loading condition (Figure 3c).

A simulation of the model with the above specified boundary and loading conditions
is performed. The location with the maximum value for principal normal stress is selected
as the location for the initial crack, as shown in Figure 4. The place to insert the initial
crack is in the punch-sided sheet; see Figure 4a. As shown in Figure 4b, an initial semi-
circular crack of radius 0.15 mm is inserted in the punch-sided sheet at the place where the
maximum principal stress is at its highest value.
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Figure 3. 3D model of clinched sheets prepared for crack growth simulation along with the boundary

conditions: (a) The contact definition between the sheets (marked in red) and the boundary conditions
on the punch-sided and die-sided sheets; (b) The contact definition between the sheets and the
boundary conditions on the die-sided sheet in another view; (c) The loading situation on the punch-
sided sheet.

(@) (b)

Figure 4. Simulation results of the clinched joints and initial crack: (a) The maximum principal stress
distribution in the clinched joints; (b) The initial semi-circular crack at the location with the maximum
value for principal normal stress.

The model with the initial crack is loaded in Adapcrack3D for crack growth simulation.
Then, the program successfully inserts the crack in the model and generates the global
model consisting of both sheets with crack, contact definitions, etc., and the submodel
along the crack front. The material parameters used for the crack growth simulation are
shown in Table 1 and characterize the base material of the sheets used. These are not for
the stretched material in the vicinity of the clinched joints. The values used are taken from
the experiments performed in [41], in which the Forman/Mettu Equation (1) is applied
to obtain the fracture mechanical parameters of the material. The important values of the
Forman-Mettu equation are provided in Table 1.

da Crm - [(L;Iz) -AKIF . (1 _ Af;(,;h)”
dN (1 _ Kl,max)q 1)

Kic
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Table 1. Material parameters and fracture mechanical material parameters.

Young's Modulus Poisson’s Ratio AKy, K¢ ¥ C n p q

210,000

0.3 169.001 2213.594 0.26242 2.6 x 10712 25 0.3 0.87

S, Mises

(Avg: 75%)
1.800 x 103
1.650 x 103
1.500 = 103
1.350 x 103
1.200 x 103
1.050 x 103
9.001 x 102
7.501 x 102
6.001 x 102
4.501 x 102
3.001 x 102
1.501 x 102
1.381 x 10!

The results from the crack growth simulation are shown in Figure 5. The global
model generated by Adapcrack3D with multiple parts, contact definitions, and initial crack
is displayed in Figure 5a. The newly calculated crack fronts in the punch-sided sheet,
including the initial crack, are shown in Figure 5b. Hereby, in every step, the crack growth
increment is selected as 0.025 mm. The crack growth in the model was more or less in
the Mode I direction. Adapcrack3D was able to successfully create global models and
simulate crack growth in the model with contact definitions. Therefore, it can be concluded
that the newly implemented feature of contact definition is successfully implemented and
simulated by the program. In this example, the contact definition between crack surfaces,
which is explained in the next section, is not considered.

AR

(a) (b)

Figure 5. Global model and crack growth simulation from Adapcrack3D: (a) Global model generated
by Adapcrack3D for the first step, inserted initial crack in inset; (b) Crack growth simulation in the
punch-sided sheet as calculated by Adapcrack3D, initial crack, and the crack fronts in inset.

4. Submodel for Models with Contact Definition between Crack Surfaces

As described previously, Adapcrack3D adopts the submodel technique for fracture
mechanical evaluation [7]. The global model, which is actually the FE model of the structure
to be analyzed, is meshed with tetrahedral elements and the submodel, which is only
around the crack front, is meshed with hexahedral elements. This creates the possibility
of creating meshes for any complex 3D models and a regularly shaped mesh along the
crack front for analyzing the region around the crack. Moreover, a coarse mesh can be
applied to the regions that are not in the proximity of the crack and a fine mesh in the
vicinity of the crack. By using the submodel technique, the region around the crack can
be meshed finer than the region around the crack in the global model [42]. The submodel
and various aspects of it are shown in Figure 6. In Figure 6a, the global model with the
crack and the position of the submodel with respect to the global model is displayed. The
hexahedral meshed geometry of the submodel for a through crack is presented in Figure 6b,
in which the user-defined value, I, is the size of the submodel from the crack front in all
four directions. The submodel with no stresses applied on it is depicted in Figure 6b.
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Figure 6. Aspects of a submodel from Adapcrack3D: (a) The position of the submodel with respect
to the global model; (b) The geometry of the submodel with hexahedral mesh with the size of
the submodel.

In the submodel technique, the displacements on the ‘driven nodes’ are calculated
by the FE solver from the results of the simulation performed on the global model. The
‘driven nodes’ are nodes that are on the outer surfaces of the submodel, which intersects
the global model. For the example in Figure 6b, the ‘driven nodes’ are nodes that are
on the yellow surfaces. Because the displacement of ‘driven nodes’ that are part of the
crack surfaces need to be mapped from the correct side of the crack from the global model,
Adapcrack3D creates a gap between the crack surfaces. However, in real world situations,
e.g., rolling contact fatigue in the railway industry, there is friction defined between the
crack surfaces [28]. Due to the gap between the crack surfaces of the submodel created
by Adapcrack3D, as in Figure 6b, this submodel cannot be utilized for contact definitions
between the crack surfaces. For such situations, the submodel has to be created without
the gap between the crack surfaces. Nevertheless, during the submodel simulation, the
displacements have to be mapped from the appropriate side of the crack.

To explain the procedure of such simulations, a simple model of a CT specimen is
utilized in this paper. The model of the CT specimen and the submodel for the initial crack
are shown in Figure 7. The CT specimen with the loading situation and the initial crack
are displayed in Figure 7a. In this case, the crack lies in the XZ plane, which is one of the
three principal planes. The submodel along the crack front generated by Adapcrack3D for
this structure is illustrated in Figure 7b. The cross-section of the submodel without the gap
between the crack faces is shown in Figure 7c.

When the crack surfaces lie on top of each other, the nodes on crack surfaces, which
appear above each other, also have the same coordinates. In Figure 7b, the nodes on the
crack surfaces, and especially the ‘driven nodes’ on the red and blue line, not only lie on top
of each other but also have the same coordinates. In the cross-sectional view in Figure 7c,
the red and blue nodes have the same coordinates. As described above, if the nodes that
appear in the yellow region are selected as ‘driven nodes’, then the adjacent red and blue
nodes are mapped with the same displacement from the global model and the simulation
of the submodel returns incorrect stress distribution. This is evident in Figure 8, which
shows the displacements in the model along the principal axes: Figure 8a (displacement
along x-axis), Figure 8b (displacement along y-axis), and Figure 8c (displacement along
z-axis). Because the crack is loaded in the Mode I direction, the correct result should have
been an opened crack.
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Figure 7. Models of CT specimen and the submodel for crack growth simulation: (a) Input model of
the CT specimen along with the initial crack; (b) The submodel generated by Adapcrack3D with the
edges of the crack surfaces marked in red and blue; (c) The submodel created by Adapcrack3D with
the nodes on crack surfaces lying on top of each other.
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Figure 8. The wrongly mapped displacements on the submodel along the principal axes: (a) Along
x-axis; (b) Along y-axis; (c) Along z-axis.

In order to avoid this error during simulation, the displacements of the ‘driven nodes’
in the crack surfaces in the submodel have to be mapped appropriately from the correct
side of the crack in the global model. To achieve this, a global model is created with
two different ‘element sets’, each on either side of the crack. The submodel is generated
with three different sets of ‘driven nodes’. The global model and the submodel are displayed
in Figure 9. The sections of the global model to define two ‘element sets’ on either side of the
crack are shown in red and blue in Figure 9a. Figure 9b is the newly generated submodel
with three sets of ‘driven nodes”: (i) nodes marked in red acquire the displacements
mapped from the red ‘element set” of the global model, (ii) nodes marked in blue acquire
the displacement mapped from the blue ‘element set’ of the global model, and (iii) all other
nodes that are on the outer surfaces intersecting the global model are marked in green. All
three “‘driven nodes’ sets are defined in the FE model of the submodel, but in this case the
mapping of the ‘driven nodes’ sets (i) and (ii) from the correct global model ‘element set’
have to be defined explicitly. Figure 9c is the resulting displacement in the y-direction of
the submodel. It is evident in the picture that by applying this method the displacements
are correctly mapped, and now the crack is thereby in an opened state. Similarly, the
simulations have also delivered correct results for the x- and z-directions.
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Figure 9. CT specimen with ‘element sets’ and submodel with different sets of ‘driven
nodes’: (a) Global model of CT specimen with ‘element sets” defined on both sides of the crack;
(b) Submodel generated with three different sets of ‘driven nodes’ marked in red, blue, and green;
(c) Displacement of the submodel in the y-direction.

As per the rule, in the FE model of the submodel, the directions (x, y, z) from which
the displacements have to be mapped from the global model have to be specified. In the
example above, the displacements have been mapped from all three directions. In the case
of models with contact definitions between the crack surfaces, the edge nodes on the crack
surfaces (marked in red and blue in Figure 9b) are also assigned with contact definitions.
The contact definitions in the FE solvers are defined with the master-slave method in which
one of the crack surface is the master and the other is selected as the slave. This creates the
problem of ‘over constraints’ in the FE solver, and the simulation will be aborted. For cracks
that are created on one of the principal planes (XY, YZ, XZ), this error can be resolved by not
mapping the displacements in the direction that is perpendicular to the plane in which the
crack lies. For instance, in the above example, the displacements of nodes that are marked
as red and blue should be mapped only from the x- and z-directions. The displacements in
the y-direction of the ‘driven nodes’ that belong to the slave surface should be discarded in
order to perform the simulation with contact definitions in the crack surfaces.

This procedure can be applied only in cases in which the crack is in any of the principal
planes. If the crack is in a slanting position to the principal planes, then the omitting of
displacements in one direction cannot be applied. Therefore, to create a more general
solution, a new geometry of the submodel is introduced. Adapcrack3D already has the
feature of extending element layers in all three directions [7]. By making use of this feature,
a new geometry for the submodel is designed and is shown in Figure 10. There are three
elements created in all directions from the crack front. The height of the elements close
to the crack surfaces are reduced in order to come as close to the crack as possible. This
feature is newly implemented in Adapcrack3D, and the user can provide the height of the
elements close to the crack surfaces. This can be selected as a percentage of the value, s, so
that the size of the submodel remains the same as before (Figure 10a). For instance, in the
submodel presented in Figure 10, the value of s is 1.0 mm and the height of the smallest
element is 0.05 mm (5% of Is). As shown in Figure 10b, the nodes on the crack surfaces are
not selected as ‘driven nodes’. All the nodes that appear on the intersecting surfaces other
than the nodes from the crack surfaces are selected as ‘driven nodes’. One advantage of this
method is that the arranging of ‘driven nodes’ in different sets is not necessary. Another
advantage is the avoidance of ‘over constraints’ during contact between the crack surfaces.
The resulting displacement on the model in the y-direction is displayed in Figure 10c. The
results are in good agreement with the reference result in Figure 9c.
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Figure 10. Geometry of the new submodel: (a) Submodel with smaller elements close to the crack
surfaces; (b) Cross-section of the submodel with ‘driven nodes’, in which the nodes from the crack
surfaces are not selected; (c). The displacement in the new submodel in the x-direction.

To validate the results for the newly proposed submodel in Figure 10, the stress
intensity factors along the crack front are evaluated. The values calculated with the previous
geometry of the submodel, as in Figure 9b, are taken as references. The stress intensity
factors calculated by Adapcrack3D for both the submodels and the difference between the
results are displayed in Figure 11. The simulation is performed for Mode I loading and
in Figure 11a, the values obtained for the reference model and for the new submodel are
displayed in blue and orange, respectively. Because the new submodel has three elements
in all directions, Adapcrack3D creates a finer mesh than the reference submodel. As a
result, more nodes are present on the crack front for this model and thereby there are more
points in orange than in blue. The difference between the results in percentage is shown
in Figure 11b, being approximately five percent at both ends of the crack front and below
two percent in the middle. This shows that, by using the new submodel, the simulation
will provide results that are very close to those with the previous submodel.

6
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Figure 11. Stress intensity factors calculated by Adapcrack3D for CT specimen and the difference
between the results: (a). Stress intensity factors along the crack front for Mode I loading of the
reference submodel and the new submodel; (b) Difference in percentage between the values in
Figure 11a along the crack front.

In order to test the new submodel geometry and to define the contact definition
between crack surfaces, the model of a CTS specimen is also selected. The model of the CTS
specimen and the submodel created are displayed in Figure 12. The specimen is modelled
with an initial crack, as shown in Figure 12a, and the loads applied on it create a Mode
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IT loading at the crack front. The contact definition (sliding formulation: small sliding,
discretization method: surface to surface, friction coefficient: 0.15) is created between the
crack surfaces. Adapcrack3D generates a submodel with smaller elements close to the crack
surfaces and contact definition between the crack surfaces as in the global model. This
model with contact definitions between the crack surfaces was simulated successfully, and
the displacement in the x-direction from the submodel simulation is shown in Figure 12b.
The results show the Mode II loading at the crack front, which is evident in Figure 12b in
the XY plane.

U, Ul

4.831 x 105
4.048 x 10
3.266 x 10-°
2.483 x 10
1.700 x 10-°
9.175 x 10-¢
1.347 x 10®
-6.480 x 10-¢
-1.431 x 10>
-2.213 x 103
-2.996 x 10-°

y
-3.779 x 10°5
-4.562 x 10°5
X

(a) (b)

Figure 12. Models of CTS specimen and submodel: (a). The input model of CTS specimen along with
the initial crack; (b) The submodel with the new geometry created for the initial crack.

In the case of alternating mixed mode loading situations, from a straight initial crack
branching cracks can grow that do not affect each other during their growth. This happens
only if the Mode Il loading is large enough for the cracks to grow. In [43], experiments were
performed with the CTS specimen to create an alternating mixed-mode loading situation at
an R-ratio of —1.6. The initial crack is spitted into two cracks: (i) the first crack grows at an
angle of 60° upwards at maximum load and (ii) the second crack at 70° downwards when
the load is minimum.

Models for performing simulations are created with the initial cracks and the deflected
cracks, as shown in Figure 13. Figure 13a is the crack that deflected at 60° upwards and
Figure 13D is the crack that deflected downwards at 70°. Because the cracks do not have
an influence on one another during crack growth, they can be modelled and simulated
separately. The loading situations for both cracks are also shown in Figure 13a,b, with
the values as shown in Table 2. For the crack that deflected downwards, the loads are
—1.6 times larger than the loads that are defined for the crack that deflected upwards.
Because both crack branches grew simultaneously, the assumption here is that the loads
were chosen in such a way that the stress intensity factors calculated are almost the same
for both cracks.

In both models, contact definitions along the crack surfaces are created. In order to
calculate stress intensity factors, the newly proposed submodel in Adapcrack3D is created
along the crack front for both cracks. The simulation results of the global models for both
the models are shown in Figure 14. It is evident in Figure 14a that the crack opens up due to
the load and a Mode I situation is almost evident at the crack front. Due to the compressive
load, the crack that deflected downwards has almost a Mode I loading at the crack tip,
whereas the initial crack undergoes a Mode II effect. This is visible in the global model
displayed in Figure 14b.
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Figure 13. Models of CTS specimen with cracks and loading situations: (a). Crack deflected upwards
at 60°; (b) Crack deflected downwards at 70°.

Table 2. The loads in newton for the CTS specimens presented in Figure 13.

Load Crack at Angle 60° Crack at Angle 70°
F 109.533 175.253
F, 96.593 154.549
F3 83.652 133.843
Fy 109.533 175.253
Fs 96.593 154.549
Fe 83.652 133.843

S, Max. Principal (Abs)
(Avg: 75%)

4.370

3.369

2.368

1.367

3.663 x 10!
-6.346 x 101
-1.636
-2.636
-3.637

(a) (b)

Figure 14. Maximum principal stresses in global models of CTS specimen with deflected
cracks: (a). Crack with upward deflection of 60° and Mode I loading along the crack surfaces; (b) Crack
with downward deflection of 70° and Mode I and Mode II loadings along the crack surfaces.

The stress intensity factors at the crack tip calculated from both models are shown
in Figure 15. Figure 15a displays the stress intensity factors Kj along the crack front for
both the cracks. For the crack that deflected upwards (Figure 14a), the values are shown
in blue and for the crack that deflected downwards, the values are shown in orange. As
assumed, the stress intensity factors calculated for both crack branches lie very close to each
other. The difference between the stress intensity factors for both crack branches is shown
in Figure 15b. The maximum difference between the values is 0.24, and the minimum
difference is 0.13.
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Figure 15. Stress intensity factors calculated by Adapcrack3D for CTS specimens and the difference
between the results: (a). Stress intensity factors, Ky, along the crack fronts for cracks deflected
upwards and downwards; (b) Difference between the values in Figure 15a along the crack front.

Another simulation carried out in Adapcrack3D considers rolling contact fatigue. In
this simulation, the behavior of a crack in a rail is simulated when a wheel rolls over it. The
rolling procedure and the finite element model are shown in Figure 16. The wheel starts
on the left side of the crack and rolls over it to create a normal force and a traction force.
The rolling direction and the traction force are shown in Figure 16a. The surface crack is
oriented at an angle of 30°, and the models are created with contact definitions between
the wheel and rail as well as between the crack surfaces. A detail from the meshed model
prepared for the simulation is displayed in Figure 16b.

30°

(a) (b)

Figure 16. Rolling procedure and FE model to simulate rolling contact fatigue (a). Rolling procedure
with rolling direction, traction, and crack at an angle of 30°; (b) Detail from the FE model along with
the crack.

The stress intensity factors along the crack front are calculated in Adapcrack3D for
plane strain state. The newly proposed submodel with the contact definition between the
crack surfaces is also created for this simulation. In the simulation, the rolling of the wheel
over the rail is performed for a distance of 3 mm, starting from the left side of the crack
and then rolling over the crack to the right side. The course of the stress intensity factors
is compared with the simulation results from [44]. The stress intensity factors, K; and K,
from the literature and the same calculated in Adapcrack3D are displayed in Figure 17. The
principal course of the stress intensity factors calculated in Adapcrack3D agrees well with
the course of the stress intensity factors from the literature. The tendency of Kj having a
maximum value when the wheel approaches the crack and thereafter reducing to values
close to zero is apparent in the results (Figure 17a,c). Similarly, in the case of Kij, the values
rise as the wheel approaches the crack, and then the values drop below zero. When the
wheel rolls away from the crack, the values advance back to zero (Figure 17b,d).
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Figure 17. Stress intensity factors for Mode I and Mode II from the literature and Adapcrack3D: (a) K;
along the crack front in which the load starts before the crack and rolls over it (according to [44]);
(b) Ky1 along the crack front in which the load starts before the crack and rolls over it (according
to [44]); (c) K calculated by Adpcrack3D along the crack front when the wheel rolls over the rail;
(d) Ky calculated by Adpcrack3D along the crack front when the wheel rolls over the rail.

5. Discussion of Results and Future Work

In order to incorporate different loading situations in structures for crack growth sim-
ulations, the functionality of the numerical crack growth simulation program Adapcrack3D
is extended with the option to simulate models in consideration of contact definitions.
For this purpose, the program is updated to create models with multiple part definitions,
contact definitions, etc. This has been successfully tested with the model of clinched joints.
In addition, the possibility of simulating models with contact definitions between the crack
surfaces is also analyzed. A new geometry of the submodel is proposed for crack growth
analysis for any arbitrary crack with contact definitions. The method has been tested with
different 3D models, and the results are in good agreement with the reference models.
In addition, simulations are performed to compare the results from Adapcrack3D with
experimental [43] and numerical [44] results from the literature. The comparison of the
results shows that they are in good agreement with the results from the literature. There
are various application areas in which this newly implemented feature in Adapcrack3D
can be applied, for instance rolling contact fatigue in rails, fatigue crack growth in gears,
bearings, etc. [44-48]. As future work, the crack growth simulation in clinched joints has
to be performed based on the experimental results from Ewenz et al. [49]. The authors
analyzed the crack initiation location in clinched joints under cyclic loading conditions. As
described in the work, these cyclic loading situations created three failure modes, which
were experimentally obtained and are verified with the help of numerical simulations. As
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the crack initiation location and loading conditions are known, Adapcrack3D can now be
utilized to perform crack growth simulations in the clinched joints for all the three crack
initiation locations.
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