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Abstract: Only by using accurate material data can precise simulation results be achieved. This
principle also and especially applies in the field of crash simulation. However, in the simulation
of short-fibre reinforced thermoplastics, material parameters are usually used that originate from
the material testing of as-new samples. In order to get closer to the condition on the roads, where
not only new vehicles are driving, the influence of service loads on the crashworthiness has to be
investigated. This paper reports on studies of PBT GF30, a polybutylene terephthalate reinforced with
30% glass fibres, in which fatigue damage was induced in the material by cyclic loading. The residual
strength was then determined in a high-speed experiment and compared with the strength of virgin
samples. In order to enable the usability of the findings in the simulation, a modified failure criterion
was implemented that takes the previous fatigue damage into account. The prediction quality of the
simulation model was compared with the experimental findings and it can be concluded that there is
good agreement.

Keywords: short fibre reinforced thermoplastics; SFRT; fatigue damage; crashworthiness;
failure modelling

1. Introduction

Modern vehicle design is unthinkable without the use of crash simulation, especially
when designing parts with intricate geometries or using materials with difficult material
properties. Access to precise material data is a prerequisite for high-quality simulations.
Parameters are frequently determined by tests on new material samples, particularly in
the case of plastics. Since not only new cars drive on roads, the installed components
are frequently in use for a number of years and are subjected to mechanical stresses.
Although it might appear unimportant for steel structures, preceding stresses—regardless of
whether they caused minor impact or fatigue damage—can have an impact on the material
behaviour of fibre-reinforced polymers [1]. A model to take into consideration fatigue
damage from service loads on short-fibre reinforced thermoplastic (SFRT) components
following crash failure is presented in this work.

Before running the real structural simulation, a closer look into the manufacturing
process is required to assure sufficient results. This is necessary because the injection
moulding process has a considerable impact on the orientation and distribution of the
reinforcing fibres [2]. SFRT components are widely utilized in automotive engineering
and medical aid devices [3]. Here, they are used particularly for the serial manufacture of
passenger automobiles, because of their suitability for large-scale production and affordable
fabrication via injection moulding. The process offers a high degree of precision and process
reliability in component manufacture and is therefore ideally suited for the production
of SFRT. However, it must be noted that the flow conditions within the mould of the
injection moulding determine the fibre orientation. Anisotropy, non-linearity, and strain
rate dependence are characteristics of the material behaviour of thermoplastics with short
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fibre reinforcement. The elongation at break usually decreases, while strength increases
with rising strain rate. As part of the structural simulation, precise modelling of the
component stiffness is made possible by knowledge of the fibre distribution [2]. Figure 1
provides a schematic illustration of the component design process chain for SFRT. This
makes lifetime analysis [4] and the evaluation of component behaviour under crash load [5]
possible, in addition to stress and deformation states under static load.
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Figure 1. A schematic illustration of the component design process chain for SFRT.

Although there are evident correlations between the evaluation of crash behaviour and
component behaviour under cyclic loading, these were performed largely independently up
until now [6]. To comprehend the effects of cyclic loading on a material, Günzel [7] offers an
experimental-analytical technique, and Bauer [8] offers a computational approach. Bisagni
and Walters conducted research into the fatigue strength of graphite-epoxy composites
following preceding, smaller, less severe stone strikes in [1]. For the opposite topic, namely
the analysis of the crash behaviour after a previous cyclic load and the associated weakening
of the material, no new research approach has yet been developed. Instead, the required
material parameters are determined with new, undamaged test specimens for later use
in the crash simulation. In order to avoid adverse effects of material degradation, the
design of relevant components has so far been particularly conservative. However, the
associated over dimensioning clearly contradicts the concept of lightweight design. In
order to allow efficient component dimensioning in line with the stresses, the mechanical
stress history should therefore be considered with regard to material failure. The next
chapter will highlight the experimental investigations and modelling required for this.

2. Modelling of Crashworthiness after Fatigue Damage

The fatigue behaviour of SFRT implies that there is a need for action to address the
effects of mechanical ageing within numerical simulation, particularly in the simulation of
crash situations. The material parameters used for the simulation, which are based on the
analysis of new samples, cannot reflect the described effects of material degradation over
the service life. The parameters of stiffness and strength measured on the new specimens
can, however, sometimes deviate significantly from those that can still be reached after
recurring cyclic loading. With the characteristic values described, it is therefore not possible
to accurately assess the product safety of components made of SFRT over the entire life
cycle. For this reason, over dimensioning is used, which is in stark contrast to the idea of
lightweight construction.

As a result, a concept to address this desire is offered below. Figure 2 shows the main
steps of the modelling approach. This starts with the experimental characterisation. In
this step, static, cyclic and high-speed experiments have to be carried out, which provide
information about the anisotropic stiffness and strength characteristics of the material under
static and load application as well as high strain rates. Furthermore, the cyclic experiments
provide the required characteristics with regard to the direction-dependent fatigue strength
as well as the damage progression over the service life. In the next step, the damage
distribution in the component under consideration is calculated on the basis of the stresses
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resulting from the service loads. Information about the stress state in the component is
often already available in product development from simulations to ensure the product
properties in use. Based on this, and using the experimental results, the damage distribution
in the component is calculated. Here, the knowledge of which material parameters can
be transferred to the following crash simulation is used. In addition, the predicted local
damage is taken into account.
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Figure 2. Main steps of the modelling approach.

2.1. Characterisation of Material Behaviour and Degradation

The experiments required for material characterisation can be divided into static, cyclic
and high-speed tests, as shown in Figure 3. The destructive tensile tests to be carried out
first on new samples provide information about the direction-dependent stiffness and
strength of the SFRT. They are thus an essential basis for the subsequent cyclic and impact-
dynamic experiments. The destructive tensile tests on virgin specimens run at elevated
load speed provide a description of the strain-rate-dependent material behaviour. The
material description of the unused material is extended in such a way that the anisotropy
and strain rate dependence of plasticity and failure are considered.
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The novelty of the presented approach lies especially in the integration of cyclic tests
into the characterisation. Destructive cyclic tests can be used to determine the direction-
dependent vibration resistance of the material as well as the damage growth in the material.
Based on the knowledge gained in this way, specimens with deliberately induced pre-
damage are generated from non-destructive cyclic tests. These are then examined in highly
dynamic tests for their residual stiffness and residual strength. In this way, the material
model for the crash simulation can be extended to consider previous fatigue damage.
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2.2. Determination of Fatigue Damage

The distribution of damage in the component depends on the prevailing stress state
and the number of load cycles. To determine the predominant stress state in the component,
the service load case is simulated as a single, static load. The material behaviour of the
SFRT must be taken into account at least by considering the anisotropy in the elastic range.
Stress beyond the elastic range or under increased strain rates is not to be expected when
considering the service load. The solution of the model in the static case can generally be
found numerically using implicit solving methods. The simulation provides the stress state
for each finite element in the material coordinate system.

With the additional information about the number of load cycles, the damage can
be calculated for each element. This calculation is performed outside the simulation
environment and requires knowledge of the maximum number of cycles the material
can withstand under the existing stress condition. The expected damage is calculated
as follows:

D(n) = 1−
(

1−
(

n
Nmax

)A
)B

, (1)

where n is the number of load cycles with which the given load case occurs, and A and
B are material parameters determined by analysing the damage progress in the cyclic
characterisation. The maximum tolerable number of oscillations, Nmax, for the given stress
condition is initially unknown and must be determined from destructive Wöhler tests, then
calculated as:

Nmax

(
σ‖, σ⊥, τ‖⊥

)
=

( σ‖
σ‖, f

)2

+

(
σ⊥

σ⊥, f

)2

+

(
τ‖⊥

τ‖⊥, f

)2

−
(

σ‖ · σ⊥
σ2
‖, f

) 1
2b

. (2)

Here, σ‖, σ⊥ and τ‖⊥ are the fibre-parallel and perpendicular stresses present in the
element and the shear stress present. The material parameters σ‖, f , σ⊥, f and τ‖⊥, f denote
the fatigue strength limit values, i.e., the axis intercepts of the respective S-N curve with the
stress axis [9]. The parameter b, which is also material-dependent, corresponds to the slope
of the S-N curve. 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 also be used to estimate the service life that can be achieved.

2.3. Determination of Residual Strength

The Tsai–Hill criterion is a failure criterion that is extensively used in the failure mod-
elling of SFRT materials. It is an interactive failure criterion that combines the stress tensor
components into a functional that indicates failure when a threshold level is achieved [10].
The Tsai–Hill theory extends the concept of the classical von-Mises yield-surface towards
orthotropic materials, also describing an elliptically shaped failure body within stress space.
Stress states within the failure body are tolerable; stress states that lie outside of it will
lead to failure. Although interactive criteria do not provide information on failure modes,
they are widely utilized to determine the failure of composite materials in finite element
simulations due to their ease of implementation [10]. Other related criteria include Tsai–Wu
and Puck, the latter of which is usually employed for laminated composites.

The Tsai–Hill criterion is derived from Hill’s yield criterion [11] and can be simplified
for transversely isotropic materials to:

σ2
‖

σ2
‖,max

+
σ2
⊥

σ2
⊥,max

−
σ‖ · σ⊥
σ2
‖,max

+
τ2
‖⊥

τ2
‖⊥,max

= 1. (3)

The values of the failure parameters σ‖,max, σ⊥,max and τ‖⊥,max will be determined
experimentally on injection-moulded coupons. The testing directions here are perpendic-
ular to the flow direction, while the strength of the material is evaluated under tensile
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and compressive loading. The fibre parallel strength is denoted by σ‖,max, the transverse
strength by σ⊥,max, and the shear strength by τ‖⊥,max [10].

Paepegem and Degrieck [12] provide a linked modelling technique for the fatigue be-
haviour of continuous fibre reinforced composites and its impact on residual strength. The
static Tsai–Wu failure criterion was updated and utilized to correlate strength and stiffness
and so indicate residual strength loss. The fatigue effect was expressed by incorporating the
damage parameter D into the calculation for the corresponding residual strengths. Based
on Shokrieh and Lessard’s [13,14] observations of studies on unidirectional graphite/epoxy
specimens, which show that the slopes of the residual stiffness and residual strength curves
are similar in shape, the following relationship is introduced:

σRT = XT · (1− D)p. (4)

The residual tensile strength is denoted as σRT , while the tensile stress is denoted as
XT. A value less than one is recommended for the power p since a value greater than one
implies that the strength degrades quicker than the stiffness. Uniaxial fatigue bending
studies on plain woven glass/epoxy specimens verified this concept. The model is based
on how their stiffness diminishes in general, and delamination mechanisms are ignored in
this one-dimensional model. Due to its generality, the model could be transferred to the
situation of uniaxial tensile load cases on fibre reinforced thermoplastics.

3. Materials and Experimental Studies

This study examined PBT GF30, a short-fibre reinforced polybutylene terephthalate
with 30% glass fibre content. Several experimental investigations were used to identify the
material parameters: To guarantee repeatability with regard to real loads and to produce
the desired damage, coupons were subjected to cyclic loading with various amplitudes
and durations. After this first damage, high-speed tensile tests were carried out to ascer-
tain the samples’ remaining strength, and the outcomes were compared to those of the
undamaged samples. The subsequent finite element simulation, which was then validated
by experimental findings, was built on the parameters of the determined material. The
following steps must be taken in order to determine the crash-relevant residual strengths,
as suggested in [15–18]:

• Static and high-speed tensile tests on virgin specimens to ascertain the elastic moduli
and strengths of the virgin material with various fibre orientations;

• Destructive cyclic tests to identify the damage progression and orientation angle-
dependent S-N curves that represent fatigue behaviour;

• Non-destructive cyclic tests for individual specimen pre-damage;
• Highly dynamic tensile tests on pre-damaged specimens for comparison with the undam-

aged specimens and for validation of the models used to predict the residual strength.

The studies given here were conducted with Becker tension rods (Figure 4), which
feature a 12 mm long parallel area that is relatively small compared to longer tensile
specimen and enables high strain rates at moderate loading speeds.
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3.1. High-Speed Tensile Testing

High loading speeds were employed to establish crash-relevant material parameters
on a Zwick HTM 5020 high-speed servo-hydraulic testing machine (see Figure 5a). Tensile
testing is permitted with stresses up to 50 kN and speeds ranging from 1 mm/s to 20 m/s.
For the chosen specimen geometry, all tests were run at nominal speeds of 2 m/s, resulting
in nominal strain rates of 166.7 s−1. By means of digital image correlation, the actual
strain rates were calculated. The force was measured with a piezoelectric force transducer
capable of handling loads up to 10 kN. The high-speed test used both virgin specimens
and specimens that had already been damaged in earlier non-destructive cyclic tests.
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3.2. Cyclic Testing

A servo-hydraulic pulser Zwick HCT 25 was used to study the behaviour of materials
under oscillating loads (see Figure 5b). At frequencies up to 30 Hz, it can achieve axial
tensile and compressive stresses of up to 25 kN. All experiments were conducted at a
temperature of 23 ◦C. The testing device’s piezoelectric load cells were used to measure the
forces. Inductive displacement sensors are able to measure piston movement, specimen
deformation is tracked by means of digital image correlation. For the present character-
isation, Bernasconi et al.’s recommendations [9,19] were followed, resulting in a pulsing
tensile stress condition with a stress ratio R of 0.1 between the minimum and maximum
stress. The test frequency was capped at 4 Hz to prevent a significant temperature increase
on the specimen from internal friction. A quick loss of strength and undesirable thermal
failure are caused by temperature increases of greater than 10 ◦C. As a result, an infrared
thermometer was used to measure and record the surface temperature of the test specimen.
All tests were load-controlled, so even after a change in the material’s stiffness, the mean
stress and stress amplitude remained constant. Static strength characteristics were used to
calculate the initial load horizons for characterizing the S-N curves. For destructive fatigue
tests, specimen separation served as the failure criterion; for non-destructive, pre-damage
tests, the tests were terminated once the desired number of cycles had been completed.

In order to ensure efficient test performance, the location of the selected test points
is crucial. Test results that lie in the middle of the fatigue strength curve contribute less
to the accuracy of the slope estimation of the S-N curve than those that lie closer to the
transition areas [20]. According to Masendorf et al., it depends on how many specimens
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are necessary for reliable statements and how these available specimens are distributed to
the loading horizons [20].

3.3. Digital Image Correlation

Data analysis in the field of material characterization frequently uses the digital image
correlation (DIC) approach to evaluate coupon deformation. One or more cameras record
the specimen while it is subjected to loads. As opposed to techniques such as contacting
extensometers or attached strain gauges, non-contact measurement has no influence on the
test results. Through the application of a stochastically dispersed greyscale pattern to the
coupon’s surface, the deformation of the coupon was computed. An example is shown in
Figure 6.
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3.3.1. DIC in High-Velocity Testing

In the case of the high-velocity tensile tests, the aim was to completely record a single
tensile test that lasts only a few milliseconds. For this purpose, the high-speed camera
system GOM ARAMIS 3D HHS was used, as shown in Figure 6. The Photron Fastcam
SA5 cameras used in the system achieve recording rates of 93,000 Hz at a shutter speed of
1/99,000 s for the relevant image section. Due to the short exposure time, a correspondingly
strong object illumination was necessary. This was only activated shortly before the start of
the recording in order to avoid heating the sample.

As soon as the cameras were switched to standby, they continuously recorded images
into a ring buffer, which was overwritten each time. After the trigger signal was received,
the images were retained. At trigger time, a so-called TTL signal (transistor-transistor
logic) was sent from the testing machine to the cameras. This happened a few milliseconds
before the calculated time of the force closure in the lead section of the test setup. For
the evaluation of the tests as stress–strain diagrams, the measured force values were also
recorded image-synchronously.

3.3.2. DIC in Cyclic Testing

The objective of the optical strain measurement in the cyclic experiment was to analyse
the loss of stiffness within the specimen over the duration of the test. The commercial
system GOM ARAMIS 3D 4M was used for this purpose. Due to the long duration of
the experiments, it was not possible to record the deformation of the sample permanently.
The resulting data volumes would clearly exceed a manageable level. Instead, a complete
loading and unloading of the specimen must be recorded at certain intervals, depending on
the expected total running time. By linking the camera system with the force measurement
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of the test stand, it was possible to trigger the recording on the basis of the measured force.
Figure 7 illustrates a part of the measuring procedure. A trigger force Ftrig was defined,
which should be just above the lower force Fu. When this trigger force was crossed in a
falling manner, i.e., with a negative gradient, a continuous recording began with a recording
rate of 120 Hz. The recording continued until the trigger force was crossed again with
a negative gradient. This was followed by a pause of n seconds until the next recording
could start.
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A complete loading and unloading of the specimen could thus be captured without
having to record every cycle. Excessive data were avoided by appropriately defining the
pause time between measurements based on the projected total duration of the experiment.
On this basis, the modulus of elasticity of the n-th cycle was determined according to DIN
ISO 527-1 [21] as the increase of the stress–strain curve. This was set in relation to the initial
value, i.e., the modulus of elasticity of the first oscillation, in order to obtain the relative
drop in stiffness.

4. Results of Experimental Studies and Simulations

In the following section, the results of the residual crashworthiness and the simulation
based on it are presented. An analytical model was first calibrated from the determined
failure values, which was then implemented in the simulation.

4.1. Residual Crashworthiness

Figure 8 shows a comparison of the stress–strain curves of the undamaged specimens
with the various damaged specimens for the 0◦ orientation. There is a clear decrease in the
tolerable stresses for the damaged specimens. The values of the maximum stresses of the
curves shown here range from 144 MPa to 105 MPa for different pre-damaged specimens. In
contrast, undamaged specimens reach an average failure stress of 173 MPa with a standard
deviation of 2.2 MPa.

The available results are subject to significant scatter. For example, the strength of
a specimen with pre-damage D = 0.46 of 121 MPa is still just above that of a less pre-
damaged specimen (D = 0.30) of 120 MPa. Nevertheless, a correlation between increasing
pre-damage and decreasing residual strength can be demonstrated, which is shown in
Figure 9. The maximum stress normalised to the initial value is plotted against the damage;
the scattering variables are considered in the representation by boxplots. Also shown is the
analytical relationship between residual strength and damage described in Equation (4),
whose parameter p is calibrated against the experimental results. It extends Equation (3)
presented in Section 2.3 by taking damage into account. With a determined value of p = 0.80,
the model provides a coefficient of determination R2 = 0.88 and at the same time confirms
van Paepegem’s estimate that this exponent should be below 1 [12].
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Figure 9. Comparison between the analytical model and the simulation implementation of the
weakened material data.

The model shows good agreement with the experimental results up to a damage range
of at most D = 0.5. After exceeding a damage value of 0.5, the damage increases rapidly
until the material fails. Therefore, no specimens from this damage range can be used for
calibration. However, this range of critical damage growth above D = 0.5 should be avoided
by design measures anyway. Component failure due to fatigue damage can then no longer
be ruled out. Accordingly, the validity range of the analytical model is determined up to a
degree of damage of 0.5 and can be estimated as sufficient under the mentioned aspects.

4.2. Implementation to Simulation

To be able to simulate the indicated effects, a model of the tensile tests is employed, as
it is also used to calibrate the underlying material model; the model parameters have to be
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discussed. This is the mid-surface model of the Becker tensile member discretized with
fully integrated shell elements (ELFORM 16, [22]). The edge lengths in the parallel area
are 2 mm and thus correspond to the meshing with which the undamaged material model
was also calibrated. This method eliminates the effects of mesh dependence, which would
otherwise falsify the comparison of simulations of damaged and undamaged samples, as
well as the comparison of simulation and experiment [23,24]. The specimen is secured by a
rigid beam spider in the moving upper area and by securing all nodes in the lower jaw area.
The force or displacement over time is applied to the spider’s central node, as it occurred
in the trials. Using constant values for the nominal take-off speed, which is not possible in
the experiment, might result in falsifying effects.

Based on the experiments, the simulation’s assessment parameters are the force reac-
tion of the lower restraint as well as the averaged stress and strain of the elements in the
parallel area of the tension rod.

The failure model described in Equation (5) was tested using the tension rod simulation
model: after applying the service load, the resulting stress state was established, from which
the damage could be estimated. The explicit modelling of the overload was performed using
the later altered material parameters, particularly the failure. In Figure 9, the simulation
implementation of the weakened material data is compared to the analytical model. It
compares the normalised failure stresses of the two models. A very good agreement may
be noticed with a coefficient of determination R2 = 0.98 of the simulative vs the analytical
data. Thus, the transfer of material properties might be called functional.

Aside from comparing the scalar failure stresses, the overall curve shapes are also of
importance. Figure 10 depicts the recorded stress–strain curves of specimens with varying
degrees of damage (black curves) prior to the simulative prediction, which is depicted as a
response surface. The surface was created by performing a finely sampled parametric study
of the damage in D = 0.01 stages, and it provides a continuous link between the injected
damage and stress–strain curves. The plot illustrates that, as the damage progresses, not
only the maximum stress but also the slope of the curves decreases. The simulation method
description quality can be considered very acceptable, with a coefficient of determination
R2 = 0.983 for the plane of the tensile specimens.
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The suitability of the failure model with consideration of the pre-damage can thus
be proven for single-stage, uniaxial load cases. The implementation of the failure model
in the numerical simulation by transferring the failure characteristics via the interface *
INITIAL_STRESS_SHELL can be considered successful.
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5. Summary and Conclusions

The failure of SFRT is frequently modelled using criteria such as the Tsai–Hill failure
criterion. However, previous recurrent stresses from operational load situations and the
resulting fatigue damage were not considered in the failure parameters used. This work
proposes an extension of the Tsai–Hill failure model based on preliminary models for
evaluating the residual strength of continuous fibre-reinforced laminates under static stress.
The suggested model takes fatigue damage into account for SFRT subjected to impact stress.

After that, the pre-damaged specimens were subjected to high-speed tensile testing
and compared with the new material. Relative residual strength losses of 10% to 40% were
discovered for samples with damage between 0.2 and 0.45. The acquired experimental data
allowed the analytical model to be calibrated with a coefficient of determination of 0.88.
Based on the findings, it is reasonable to conclude that the generated models allow for the
consideration of the crash behaviour of components made of SFRT not only in the new
state, but also over the full-service life. Even for high-mileage vehicles, fatigue damage
must be considered to determine actual crashworthiness.

Nonetheless, more research in the indicated field is required. The model described,
which has so far only been evaluated for tension rods exposed to uniaxial loading, will be
extended in the future to other, more complex geometries and loading situations.
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