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Abstract: Service loads repeatedly stress components on a regular basis and lead to fatigue damage
in the material. In the case of components made of short fibre-reinforced thermoplastics, which
are also crash-relevant in addition to only bearing service loads, however, a significant deteriora-
tion in mechanical properties can be observed after fatigue damage has been introduced. This is
where the approach presented in this paper comes in: in order to enable a realistic simulation of
such components in their used conditions, the material data are assigned depending on previously
determined damage. The approach, which combines the domains of highly dynamic and cyclic
experiments as well as different types of numerical simulations, is tested for its performance in the
present paper. For this purpose, component tests are carried out on cross-rib beams, which serve to
validate the method. The novelty and uniqueness of this paper lies in the linking of fatigue life and
crashworthiness considerations for short fibre-reinforced thermoplastics, which, in this case, is raised
to a new level by considering the component level for the first time.
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1. Introduction
1.1. Motivation

The competing demands of occupant protection and weight reduction present a chal-
lenge to automotive product developers. Fibre-reinforced plastics have been increasingly
used in vehicles since the turn of the century, with the aim of replacing metallic com-
ponents to achieve these conflicting objectives. Due to their high specific stiffness and
strength and energy absorption capacities, these lightweight materials are also accepted for
crash-relevant components [1,2].

Short fibre-reinforced thermoplastics are particularly common in the automotive in-
dustry and can be manufactured in large quantities at a low cost by injection moulding [3,4].
They are used in applications such as engine mounts, bumpers, and door systems, i.e.,
those that must support payloads during normal vehicle operation, but they also have
failure and energy absorption characteristics that are important for occupant safety in the
event of a collision. Therefore, these components must be accurately designed to take into
account both their crash characteristics and service load scenarios.

However, a comparative crash test of used cars equipped with airbags carried out by
the Swiss Dynamic Test Center [5] showed that factors such as mileage and age of the car
can affect crash safety. In this test, used cars that are 12 years old are subjected to the same
conditions as new cars before they are launched on the market. One of the cars tested with a
particularly high mileage shows a significantly higher occupant load, which the car owners
claim is “due to the ageing of the car as a whole”, even though there is no discernible
deterioration in the safety of several of the cars tested. It is not possible to predict these
changes, which are also caused by mechanical stresses during the life of the vehicle, if only
the new condition is taken into account.
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VDI Guideline 2223, which deals with the methodical design of technical products,
also calls for the analysis and evaluation of the scaled overall design: “The entire life cycle
of the product must be considered and the design must be checked for compliance with the
requirements (...)"”. This directive is the source of motivation for this work [6]. Therefore, a
method for the determination and prediction of crash-relevant material properties of short
fibre-reinforced thermoplastics with prior service histories is to be provided in the current
study. This should provide the computational engineer with a tool to evaluate the effects of
short-term dynamic stresses even under service conditions, even though stress levels are
far below the amounts found in hertzian contacts, e.g., [7].

Due to the overall high industrial importance of vehicle construction and the paramount
need for occupant safety and injury prevention, the term “crash” will be used in this
context and throughout this work, especially in context of simulation [8]. It should be
made clear that the procedures described here can of course be applied to other areas of
application, where the use of short fibre-reinforced thermoplastics and the consideration of
high strain rates are relevant, such as all types of enclosures where strengths are relevant in
drop tests [9].

1.2. State of the Art and Prior Work

The anisotropy of the material’s behaviour caused by the fibre reinforcement should be
taken into account in the so-called integrative simulation [10]. It is essential to consider the
manufacturing process in order to obtain the knowledge necessary to understand the state
of the fibre distribution. An overview of the stages in the integrated simulation process is
shown in Figure 1: First, CAD modelling is used to determine the shape of the part, follow-
ing the standard guidelines for manufacturing the design of the injection moulded parts.
Once the geometry has been defined, the injection moulding process is simulated, which
may require consideration of different sprue placements and changing process parameters.
The process simulation provides details of the fibre orientation [11] of the component as
well as geometric aberrations caused by warpage and shrinkage. The following structural
simulation uses the knowledge of the fibre orientation, and mapping is required to ensure
the transfer of information from the process simulation to the structural simulation [12].
The structural simulation includes information such as stresses, strains, and deformations,
as well as an analysis of the component’s behaviour under service loads. At this stage, if
necessary, the individual fatigue strength of the component is also investigated. The final
phase is the crash simulation, which also uses the fibre orientation data from the injection
mould simulation. No account is taken of previous strains caused by service loads.
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Figure 1. Process chain of simulating short fibre-reinforced thermoplastics.
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However, especially with fibre-reinforced plastics, there is a loss of performance over
the service life if cyclically recurring loads cause damage in the material [13]. The damage
progress of short fibre-reinforced thermoplastics behaves in a strongly non-linear manner
and is characterised by different effects over the course of the service life. Horst and
Spoormaker describe four different phases in [14]:

- Onset of local weakening as a result of cyclic deformation, especially starting from the
places of greatest stress intensity, the fibre ends.

- Beginning of crack formation.

- Stable crack growth due to cyclic loading. Different effects are to be distinguished,
such as separation at the interfaces between fibres and matrix, deformation, and
fracture of the matrix between the fibres, fibre pull-out, and fibre breakage.

- Unstable crack growth that leads to the destruction of the material, comparable to the
failure in the tensile test.

Thus, the measured residual strength, here in the static case, decreases after increasing
fatigue damage induced, as Figure 2 shows [15]. Similar assessments has been published
in [16-18]. The characteristics of the fatigue behaviour are influenced by fibre orientation,
test frequency, temperature [19], or humidity [20].
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Figure 2. Distribution of residual strength after different numbers of cycles.

The term fatigue damage is used here to refer to the loss of stiffness in the material,
according to the definitions given by Mao and Mahadevan [21]. The definition of damage
relates the Young’s modulus in the nth cycle, E(n) to the Young’s modulus of the virgin
specimen, Ey. E; describes the last remaining stiffness before fracture of the material:

pin) = T )

A direct correspondence between damage parameter and residual strength for lam-
inates experiencing static loading is evident in van Paepegem and Degrieck’s research
featured below [22,23], which supports the methods of Shokrieh and Lesard [24,25]. Van
Paepegem and Degrieck define the damage parameter through the loss of stiffness [26], also
referred to as a tensorial quantity in certain sections [27]. Van Paepegem [28] notes that the
degradation of material parameters in fibre-reinforced plastics tends to focus on stiffness
in the direction of reinforcement. However, parameters such as transverse contraction
(sometimes referred to as the “ugly duckling” by van Paepegem in this context) or shear
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stiffness are often overlooked, despite experimental evidence supporting their importance.
In summary, it can be stated that research on the degradation of materials and their residual
strength predominantly focuses on continuous fibre-reinforced laminates.

This is where the mfkFatiCrash approach comes in. It is undeniable that recurring
operational loads cause damage to the material, and this causes a deterioration of the
properties. This reduction in stiffness and residual strength from the service loads must
be taken into account in a suitable way to enable a reliable prediction of the component
behaviour in overload and crash situations. As the name mfkFatiCrash suggests, it is a
combination of the institute’s name KTmfk and the terms fatigue damage and crashwor-
thiness. The approach is to calculate the damage that occurs during the service life of the
component and to map it into a subsequent crash simulation. This method offers the clear
advantage that, for the simulation of components in a used condition, material data of a
brand-new state are not used as before.

In our own work on the short fibre-reinforced thermoplastic PBT GF30, the fatigue
behaviour of the material on tension rods was determined. Thereupon, samples were
specifically pre-damaged and examined for their residual strength, which showed signifi-
cant decreases [29,30]. This is shown in Figure 3, where experimental results of damaged
specimen are compared with the average of virgin specimen: you can see how the residual
strength of a short fibre-reinforced thermoplastic is reduced by orders of magnitude of up
to around 40% after it has been mechanically stressed with a preceding fatigue damage.
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Figure 3. Stress—strain diagrams for virgin and damaged samples of PBT GF30.

Along with the reduction in residual strength, a corresponding reduction in the
maximum tolerable elongation can be observed in the pre-damaged material, i.e., its
behaviour becomes more brittle and is less characterised by plasticity. This is also reflected
in effects such as buckling, which make a significant contribution to energy absorption
in the crash. With a reduced deformation capability, considerably less energy can be
absorbed here.

Figure 4 additionally shows the comparison of the test curves with the simulated
material behaviour, represented as a surface plot from sampling damage steps of 0.02.
In the previous work of the authors, an approach could be created in this way, which, on
the one hand, allows an estimation of the fatigue life and the fatigue damage and, on the
other hand, a prediction of the corresponding material behaviour.



Appl. Mech. 2023, 4

1192

200 -/\

150

100

Stress o in MPa
a1
o

(=]
1

W

0‘6 0-8

0.4

Damage D, -
Strain € in %

Figure 4. Stress-strain prediction of simulation (surface) in comparison to experimental measure-

ments (lines).

1.3. Problem Statement and Aims of Work

In the previous section, the production, the material properties, and the resulting
demanding material modelling of short fibre-reinforced thermoplastics in crash simulation
were explained. The so-called integrative simulation manages to take the fibre distribution
in the component and the resulting anisotropy exactly into account by considering the
manufacturing process. Effects such as strain rate dependence in the non-linear, plastic
range of deformation and in failure can be taken into account by including high-dimensional
characterisation tests. The possibilities of simulating short fibre-reinforced thermoplastic
components in short-term dynamic events such as drop tests of consumer goods or vehicle
crashes can be considered very far-reaching. The determination of the characteristic values
required for this is based on as-new samples, which, to a certain extent, have no history
at all.

In contrast, studies of the fatigue behaviour of short fibre-reinforced thermoplastics
and fibre-reinforced plastics in general show a distinctly non-linear damage behaviour,
which is accompanied by a continuous loss of stiffness over the service life. With increasing
service life, it can be further observed that the residual strength of the fibre-reinforced
plastic decreases. To address this problem, a coupon-level approach was developed to
describe the damage increase in the material and to determine the loss of residual strength
through experimental analysis. On the other hand, by integrating it into the simulation, the
possibility is created to predict just this material degradation and residual strength for any
state of pre-damage.

The aims of this paper are therefore the following: on the one hand, the approach
addressed is to be explained in more detail for the reader. Then, the steps performed
on simple tension rods are to be transferred to a more sophisticated, three-dimensional
geometry in order to validate the suitability of the approach for use in the simulation of
representative components. The novelty and uniqueness of this paper lies in the linking of
fatigue life and crashworthiness considerations for short fibre-reinforced thermoplastics,
which, in this case, is raised to a new level by considering the component level [31] for the
first time in this context.
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2. Materials and Methods
2.1. mfkFatiCrash: Considering Fatigue Damage in Crash Simulation

In this section, we explicate a process for taking material degradation into account
when simulating crashes involving short fibre-reinforced thermoplastics. As illustrated
in Figure 5, the calculation approach encompasses several key stages, starting with the
experimental determination of characteristic values. In this step, it is necessary to conduct
static, cyclic, and high velocity experiments to obtain information about the anisotropic
stiffness and strength characteristics of the material under static and dynamic impact load
applications. Additionally, cyclic experiments provide the necessary characteristic values
for the direction-dependent fatigue strength and damage progression over the service
life [32]. In the subsequent stage, damage distribution within the component in question
is computed based on the stresses engendered from operational loads. Oftentimes, data
regarding the stress conditions of the component is obtainable during product development
through simulations to guarantee functionality during use. Based on these experimental
findings, the damage distribution in the component can be calculated. This knowledge of
material parameters can then be transferred to the following crash simulation, taking into
account the predicted local damage state.

Experimental Characterisation

Fatigue Life
Damage

Progression )
Residual

Strength

Calculation of Fatigue Damage

Figure 5. Main steps of the mfkFatiCrash method.

The steps to determine fatigue damage by simulation are sketched in Figure 6: under-
standing the distribution of a component’s fibres is crucial in preparing to simulate short
fibre-reinforced components [33], see step (1). To do so, simulating the injection moulding
process and transferring the fibre orientation tensors [34,35] to the structural simulation
is required. It is important to note that a mapping is necessary, as the meshing for the
process simulation and the structural simulation differ. Generally, the process simulation
is carried out with fine solid elements, so that several elements are available across the
thickness. However, in structural and especially crash simulation, midplane meshes with
shell elements are predominant. Thus, the fibre orientation tensors in the solid mesh of
the process simulation are locally averaged and projected into the midplane. In this way, a
material orientation is available for each shell element.

The testing procedure involves applying a solicite static load to replicate the service
load scenario, enabling the elucidation of the principal stress condition (2) affecting the
component. Analysis of the material behaviour of the short fibre-reinforced plastic necessi-
tates consideration of anisotropy in the elastic range [36]. As taking into account the service
load implies occurrence of no stress beyond the elastic limit or under increasing strain rates.
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Implicit solvers are frequently utilised in calculating the model under static conditions,
with each component’s stress condition in the material coordinate system provided by
the simulation.
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Figure 6. Simulative determination of fatigue damage caused by service load cases.

The damage to each finite element can be determined through the use of load cy-
cle count (3), which provides information on the damage distribution across the entire
component (4). A crucial factor required for this calculation is the maximum cycles the
material can sustain under the present stress state. Computation of this factor is carried
out externally to the simulation environment. The damage parameter for each element is

calculated as follows: 5
A
n
Dn)=1—-1(1- 2
() ( (=) ) @

In this equation, 7 is the number of load cycles that actually occur, and Ny, is the
maximum tolerable number of load cycles for the given stress state. A and B are material
constants derived from testing of tension rods. The maximum tolerable number of load
cycles is calculated using the Tsai-Hill criterion to compare actual stress levels, ¢y, 0, and
T, with bearable stress levels, 0 ¢, 0| ¢, and 7) | ¢

o 2 2 T 2 a0 %
_ [ < oL ) [ES It
Nmax (0,00, 7)1 ) = o) T\5) — ’
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The exponent b describes the slope of the S-N curves and is derived from destructive
cyclic testing. In this way, the damage D caused by the n-times load with the service load
can be calculated for each element of the simulation. At the same time, this calculation step
can be used to estimate the service life that can be achieved. A more thorough explanation
on the approach of damage calculation can be found in [37].

In order to use material parameters in the subsequent crash simulation, which corre-
spond to the state of existing damage, characteristic values from pre-damaged material
characterization are required. These may include the residual strength as a function of
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the earlier introduced damage. The process of calculating the local, damage-dependent
material parameters for the crash simulation is shown in Figure 7. From the calculation step
described earlier, the damage for each element in the service load case’s simulation (1) is de-
termined. As the targeted crash simulation usually has a different mesh, it may be necessary
to perform mapping beforehand to transfer damage information to the relevant mesh (2).
The calculation of reduced material parameters is then carried out outside the simulation
platform (3). The anisotropic and orthotropic viscoplastic material model is utilised, with
failure modelled through the Tsai-Hill failure criterion for short fibre-reinforced plastics.
The anisotropic stiffness tensor, yield limits, yield stress curves, and failure parameters
must be adjusted to account for induced damage in each element. This results in the
creation of a distinct material map for each element.

Distribution of Damage

Element-wise, Mesh of Service Loadcase Simulation

e —

Mapping

———

Distribution of Damage

Element-wise, Mesh of Crash Simulation

Calculation of Material Parameters

Read D Calculate Save Material
Cl] (D) aq max(D) Data

Transfer Material Data into Solver Input

Figure 7. Steps to calculate locally differing material parameters in dependency of prior fatigue damage.

As the damage was defined by the loss of stiffness, as explained before, the stiffness
tensor is scaled accordingly:
Cij(D) = (1= D)Cijo (4)

The residual strength, the input for the Tsai-Hill failure model, is calculated as follows.
On the one hand, the failure stress is scaled according to the prevailing strain rate using the
Johnson-Cook model. The last term takes into account the consequences of fatigue damage,
where the parameter p is identified as material dependent by experiments on pre-damaged
material samples. For the strengths perpendicular to the fibre direction and shear, the same
procedure can be followed.

O max (6 D) = O a0 ( —-logio (%{ﬂ) ) (1=D)? (5)

This material definition for each element should then be transferred to the solver
input deck in an appropriate manner (4). As the service load cases affect each element
uniquely, the damage distribution and, consequently, the material parameters for the crash
simulation will also differ correspondingly.

2.2. Description of Material and Specimen Geometry

The experiments conducted in this research utilised PBT GF30, a thermoplastic ma-
terial empowered by E-glass fibres of short length. PBT, which stands for polybutylene
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terephthalate, serves as the matrix material and is fortified with 30% fibres by weight. These
fibres have an average diameter of 10 um and lengths shorter than 250 um. This specialised
thermoplastic reinforced with short fibres is famed for its superior stability owing to its
low water absorption. The material has already been extensively characterised under static,
highly dynamic, and cyclic conditions in previous work, so that a broad knowledge of the
material behaviour is already available. The coupon-level experiments used for this are
described in detail in [37,38]

The cross-ribbed beams employed for the bending experiments are constructed from
a U-shaped profile, which is strengthened in the middle by two X-shaped struts (“XX-
Rib”) [39]. The design is modelled on that of parts such as front beams or licence plate
carriers, which likewise feature cross-ribbing on their rear sections to enhance rigidity.
Figure 8 displays the dimensions of the parts, which measure 60 mm in length, 20 mm in
width, and 8 mm in height. On the one hand, the testability with standard tools in testing
machines is ensured due to the relatively small dimensions, whereas, on the other hand,
higher strain rates can be attained at moderate test speeds.
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Figure 8. Dimensions of the specimen geometry “XX-Rib”.

2.3. Experimental Methods

All tests on the XX-Rib are carried out as 3-point bending tests. The test setup is
sketched in Figure 9: the XX-Rib is placed symmetrically on the supports with a radius of
2 mm and an inner distance of 33 mm. A bending fin with a radius of 5 mm penetrates
the beam centrally from above. The force and depth of the bending fin’s penetration
are measured.

The necessary experiments for the validation can be divided into cyclic and high-
velocity tests. The tests to be carried out first on new samples provide information about
the stiffness and strength of the short fibre-reinforced plastic components and are thus an
essential basis for the following cyclic and pre-damaged experiments.

By linking the cyclic tests with the subsequent penetration test, the performance
of a mechanically aged model is investigated. Based on the previously gained insights,
non-destructive vibration tests are used to generate beams with deliberately induced pre-
damage, which are then penetrated with elevated velocity for their remaining stiffness and
residual strength. The cross-ribbed beam in the three-point bending test is loaded with a
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cyclic-repetitive force of 700 N at a load ratio of 0.1 and a frequency of 4 Hz in the service
load case. This frequency ensures that no over proportional heating of the specimen occurs
and is often found to be used in similar studies [40]. For the evaluation, Digital Image
Correlation (DIC) is used [41-43]. An image of the DIC evaluation is shown in Figure 10,
where the penetration depth of the bending fin is determined by tracking dot marks. By
analysing the speckle pattern on the front of the sample, the longitudinal strain of the
sample is also determined, with compression on the top and elongation on the bottom.

Figure 9. Test rig for 3-point bending tests.

Figure 10. DIC overlay of longitudinal strain on XX-Rib surface.

Both the longitudinal strain and the penetration depth are proportional to the bending
stiffness of the sample. Damage can be inferred from the change in these values over the
duration of the test. This is described in Equation (6) via the elongation on the lower part
of the specimen.

D(n) = 24— (6)



Appl. Mech. 2023, 4

1198

2.4. Simulation Approach

The simulations used are carried out in the software LS-DYNA R11.1.0. An attempt is
made to describe the model structure as generally as possible, but certain fixed terms are
designated programme specifically.

The simulation model of the 3-point bending test is shown in Figure 11. It models the
steel supports as well as the bending fin by thin-walled rigid bodies with the corresponding
radii. The cross-ribbed beam is finely meshed with shell elements of edge length 0.3 mm,
whose element orientation is adapted to the results of the injection moulding simulation.
The fineness of the mesh was determined in previous studies and checked for detrimental
effects such as singularities.

Figure 11. Numerical simulation model to simulate the 3-point bending tests of XX-Ribs.

The material model used is *MAT_157, an anisotropic elastic—plastic material model
with consideration of strain rate dependence and anisotropic failure. Its formulation of
plasticity follows Hill’s approaches, and the Tsai-Hill model is used as the failure criterion.
Depending on the local fibre orientation tensor, which is obtained from the previously
performed injection moulding simulation, locally different material characteristics are
assigned. After calculating a fatigue damage from the service load case, the material
behaviour can be adapted locally again via this interface in the same way, this time as a
dependency of the prevailing damage parameter D.

In the case of the service load, the problem is solved implicitly, and the stress state for
each element of the component is exported to be used in the following damage calculation
according to the presented approach.

For the destructive penetration test, whether without or with consideration of the
introduced damage, the simulation must be solved explicitly. This is necessary simply
because of the implementation of the failure and the resulting deletion of elements, which
would otherwise cause instabilities in the implicit case. In the following, the material
parameters used in simulation are stated. Equation (7) shows the tensor of elasticity, and
Equation (8) the plastic parameters yield stress and Lankford values used in the Hill
plasticity model.

9547 3110 3110 000
3110 5851 2756 000
3110 2756 5851 000
Cij = 00 0 3531 0 o | Mpa @)
000 0 1000 0
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0y,0 = 81.6 MPa, Ry = 0.477, Ry5 = 0.204, Reg = 0.180 (8)

3. Results
3.1. Validation of Fatigue Life Prediction

To validate the prediction of the fatigue life, on the one hand, the simulation of the
service load case is considered, from whose calculated stress state a prediction of the cycles
to failure is made. On the other hand, there are repeated measurements in cyclic tests that
are carried out until the component fails. Both cases result in numbers of cycles that lie
within a certain scattering range and which are to be compared in a suitable manner.

Table 1 displays the number of cycles the tested XX-Rib beams endured, and they
range from 649 to 1159.

Table 1. Cycles to failure for XX-Ribs under service load case.

Number of Cycles Endured
649 672 792 1028 1098 1124 1159

Based on the simulation model, the corresponding vibration cycle numbers are pre-
dicted with the help of the characteristic values for the failure probabilities 10%, 50%, and
90%. This results in a corresponding range, which is shown in Table 2. To enable a compari-
son between the simulatively and experimentally determined range, the corresponding
failure probabilities are also calculated from the experimental values. The values, along
with the relative error, are displayed in Table 2.

Table 2. Comparison of measurement and model prediction for different failure probabilities.

Pf=10% Pg=50% P=90%
Experiment 649 908 1269
Model Prediction 595 925 1282
Relative Error, Ntessung, ~ Nitodell +8% —2% —1%

NMess ung

The distribution of the measured and predicted variables is shown in Figure 12, where
the measured values for the listed probabilities of failure are entered as points. It can be
seen that the model prediction predicts a wider scatter range. The probability density
function is derived from the calibration of a Weibull distribution [44,45], which is very
common in the modelling of cyclic tests and is used there as the distribution. All measured
values lie within the prediction range of the model. It is worth mentioning here that the
area under the graphs of the probability density functions is 1 in each case, therefore a
wider prediction range results in a lower peak value of the probability density. Based on
the described agreement between measurement and model prediction, the calculation of
the maximum tolerable cycles can be considered valid. It is the basis for the following
damage calculation.

3.2. Validation of Damage Progression

To validate the increase in damage and to produce pre-damaged samples, the service
load case is repeated with defined numbers of cycles. The resulting damage in the compo-
nent from measurement and model prediction is compared with each other. The value of
the edge fibre strain from the optical strain measurement is used to measure the damage in
the experiment, which increases over the duration of the stress, i.e., with progressive loss
of stiffness.
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A good indicator of the loss of stiffness can be seen in Figure 13. It shows how the
indentation of the bending fin increases over the test time despite the constant force limits
of =70 N and —700 N.
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Figure 12. Model prediction of fatigue life vs. actual measurements of failure.
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Figure 13. Increasing indentation of bending fin over the course of cyclic testing.

The damage determined in the test is compared with the model prediction for Ds
(upper line) and Dgs (lower line) in Figure 14. The measured damage is shown in the form
of boxplots at intervals of 50 oscillations, with the extrema of the measured values entered
as whiskers. The median of each measurement is shown as a red line. It lies between the
limits of the model prediction for all considered numbers of oscillations.

Scatter values of the measured damage that go beyond the upper limit of the model
prediction are found in the range up to 350 cycles. In general, the scatter of the measured
damage at the component level is larger than was the case with the previously considered
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tension rods. However, due to the complete agreement of the medians of the measurements
with the calculated prediction, the prediction quality is assumed to be sufficiently good. The
specimens damaged in this way are used for the subsequent destructive penetration tests.
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Figure 14. Model prediction of fatigue damage vs. actual measurements of stiffness loss.
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3.3. Validation of Bending Strength Prediction

To complete the scenario of an abrupt overload case after previous cyclic loading, the
pre-damaged cross-rib beams are destroyed in a three-point bending test and the endured
breaking force is determined-analogously; corresponding results are obtained from the
simulation. In Figure 15, the determined normalised breaking forces are plotted against the
damage; the expected trend in lower bearable forces with increasing damage is recognisable
for both the experimentally and numerically determined results. All measured breaking
forces are related to the average breaking force of an undamaged, virgin XXRib. This
results in a value range that lies between 0 and 1. The results of the simulation model were
calculated parametrically in steps of D = 0.02.
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Figure 15. Comparison of normalised breaking strength in experiments and simulation.

0.1

0.2

0.3

1 1 1 1 1 1 *_
04 05 06 07 08 09 1

Damage D, -



Appl. Mech. 2023, 4

1202

Similarly, all numerical values of the results from experiment and simulation are
printed in Table 3 and compared with each other with regard to their relative deviation.
It can be clearly seen that the error for damage values above 0.60 is too large; the model no
longer seems useful here. Below that, only one sample, with D = 0.37, shows a strikingly
higher damage. Otherwise, the deviations are in a pleasingly low range.

Table 3. Comparison of experimental and simulative results.

Damage 0 0.16 0.24 0.26 0.37 0.42 0.45 0.60 0.67
. 1028 861 779 755 647 611 574 437 371
Breaking strength, N

1017 932 737 737 741 616 597 552 495

, 1295 1106 1216 1201 1007 1060 1042 631 546

Stiffness, MPa
1281 1198 1150 1173 1153 1068 1085 796 729
Relative error, % 1.1 —8.3 5.4 2.3 —14.5 —0.8 —4.1 —26.1 —33.5

As has already been published for the investigations on tension rods [37], it also
makes sense at the component level to draw a model limit at damage values of D = 0.50.
For damage above this value, no reliable statement can be made. No reliable statement
can be made for damage above this value. This is also due to the fact that unstable
behaviour begins in areas of damage above these values, which will inevitably end with
the destruction of the component. These high damage areas must therefore be avoided
by suitable component design anyway. Therefore, the restriction of the model to damage
values below 0.50 can be well accepted.

4. Estimation of the Modelling Approach and Conclusions

The presented approach of considering the damage caused by repeated service loads in
the subsequent crash simulation was examined for its performance in this chapter. For this
purpose, cross-ribbed beams were used as test specimens in order to increase the geometric
complexity compared to the previously considered tension rods. The described scenario of
a payload case with a subsequent overload was simulated: The cross-ribbed beams were
first subjected to cyclic loading in three-point bending tests, and the model predictions
were checked with regard to the maximum tolerable number of oscillations and the increase
in damage. Subsequently, the remaining fracture force of pre-damaged specimens was
compared in simulation and testing.

The prediction quality of the maximum tolerable number of oscillations can be con-
sidered validated for the given boundary conditions. The values actually achieved in the
experiment show good agreement with the model predictions, whereby the failure of the
component was equated to the failure of the first, most highly stressed element. The bend-
ing in the component results in a compressive stress on the upper side and a tensile stress
on the lower side, whereby the tensile component is generally relevant for plastics. This
means that the characteristic values previously determined on tensile specimens are ideally
suited for the prediction.

The damage increment in the cross-rib beam was measured as loss of bending stiffness
by optical measurement of both bending fin penetration and strain. On the part of the
model, a damage interval is predicted that takes into account the dispersion of the yieldable
vibration cycles, i.e., the occurrence of “strong” and “weak” specimens. It can be stated that
the lower limit of the damage model is observed in all cases considered. The upper predic-
tion limit is partially exceeded in the case of low oscillating play numbers. The medians of
all observations lie within the model predictions, so that the predictive ability is accepted
as sufficient. In general, a larger scatter can be observed in the case of the cross-ribbed
beams than was the case with the tension rods.

The prediction of the fracture force of pre-damaged cross-rib specimens can be con-
sidered good in large parts. For the evaluation, scalar values of the maximum force and
bending stiffness from experiment and simulation were compared. For all measured cases
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below a damage of D = 0.6, the acceptance criterion could be fulfilled, and a good agree-
ment between simulation and experimental measurement could be established. For higher
damage values, the prediction quality is only insufficient. The same was found earlier
when considering the tension rods. The proposed model limit for damage up to D = 0.5 is
therefore retained.

To classify this model limit, the non-linear damage growth of short fibre-reinforced
thermoplastics should be recalled: a rapid initial damage is followed by a longer period
of constant growth, which is followed by a phase of strong and unstable damage increase
until final failure. This last phase of unstable growth also sets in damage values of the
order D = 0.5. The range should not be reached by service load cases due to its proximity to
component failure; suitable component dimensioning avoids this. Accordingly, a limitation
of the modelling approaches presented in this paper to damage values below the critical
growth appears to be justifiable.

It can be noted that our approach, which we have developed and evaluated so far at
the level of coupon tests, also achieves very good results at the component level. In the
future, it will become increasingly important to verify the usefulness and necessity of the
presented approach for further material classes within the family of composites. A first
indication that harmful influences of fatigue damage can be found not only in short but
also in long fibre-reinforced materials could be found in [46] already. Further investigations,
for example, into continuous fibre-reinforced plastics, are a logical consequence. Here,
the considerably more pronounced anisotropy of the material can lead to significantly
more direction-dependent effects, which may require the use of a tensor-valued damage
parameter. Further challenges may lie in taking into account other parameters that influence
the ageing of material, such as humidity and temperature.
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