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Abstract: Textile composites are predestined for crash-loaded lightweight structures due to their
adjustable energy absorption capacity, but they can exhibit different types of defects that occur during
production (voids) and in operation (fatigue). The influence of such defects, especially the interac-
tion of several defect types on the strain-rate-dependent material behaviour, is still insufficiently
researched and can represent a safety risk. Therefore, this paper presents a phenomenological model
that can be used to mathematically describe the strain-rate-dependent stress-strain behaviour of
nominally defect-free and defect-affected textile composites. An adjunctive damage model in the
sense of continuum damage mechanics is introduced, which also considers the interaction of both
defect types for the first time. For the model validation, extensive experimental tests on glass fibre
non-crimp fabrics reinforced epoxy (GF-NCF/EP) composites are performed. The focus is put on the
influence of voids and fatigue-related pre-damage under subsequent tensile loading at strain rates up
to 40 s−1. The theoretical studies show a good coincidence with the experimental results. The novel
model provides a method for the efficient generation of material maps for numerical highly dynamic
crash and impact analyses for defect-free and defective textile composites. As a result, a flexible and
practice-oriented model approach is available, which makes a significant contribution to an improved
understanding of materials and enables a future defect-tolerant design of textile composites.

Keywords: non-crimp textile; composite; voids; fatigue; defects; strain rate; damage modelling

1. Introduction

Due to their adjustable energy absorption capacity, non-crimp fabric composites (NCF-
composites) are predestined for lightweight structures that are exposed to high deformation
rates during their use [1,2]. NCF-composites can be compromised by defects that arise
during manufacture, like voids [3,4] and fibre misalignments [5–7]. However, defects can
also occur during product use, such as fatigue [8–10] or impact [11–13]-induced cracks
(further on referred to as service-related defects).

Voids are the most common defects in composites [14,15]. Their formation depends
on the selected manufacturing process and is described in detail in [16,17] for the prepreg
process and in [3] for the infiltration process. Other studies focus on investigating the
influence of voids on material behaviour [3,18]. Furthermore, there is a growing number
of approaches for the mathematical description of the defect influence on the mechanical
properties [19–21]. In experimental investigations, the focus is put on the influence of
voids on the mechanical properties of materials under creep [18,22], quasi-static [23–25],
cyclic [7,26–28], and highly dynamic [28] loading. These studies describe the degradation
of stiffness and strength as a function of porosity.

For example, in [24], the tensile, flexural, and interlaminar shear strengths of unidirec-
tional (UD) carbon fibre-reinforced epoxy samples were reduced by deliberately creating
void contents of 0.03% to 6.25% using blowing agents. The author reports that the tensile
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strength is reduced by 10% for void contents up to 2.3% compared to void-free laminates.
However, the degradation rate decreases with higher void contents.

The influence of voids on the fatigue behaviour of glass fibre NCF-reinforced epoxy
resins with [0/+45/90/−45]as layer structure under uniaxial loading was investigated
in [16]. During the injection moulding process, the authors introduced air into the liquid
matrix via a bypass, resulting in void volume contents between 2.5% and 8.8%. Under both
tensile–tensile and compression–compression fatigue, a decrease in lifetime was demon-
strated for the porous material.

It was found in [29] that the stiffness and strength of carbon fibre-reinforced epoxy
resin with void contents of up to 5% were not affected when subjected to quasi-static tensile
loading. However, when tested under pulsating tensile load, the lifetime, stiffness, and
crack initiation stress are reduced. Especially in the layer with a reinforcement perpendicu-
lar to the loading, a higher crack density is measurable here. But despite that, the influence
of voids on crack density and stiffness decreases with increasing load cycles.

Approaches for the mathematical description of the influence of voids on the resulting ma-
terial properties can be found in [19–21,30]. They are based on phenomenological approaches
as well as on micromodels [30] and homogenisation concepts for porous materials [31,32].

Among others, in [33] an extended mixing rule is established for UD-layers to calculate
the stiffness in the fibre direction as well as perpendicular to the fibre direction depending
on the void volume fraction. But, only the reduced longitudinal stiffnesses can be predicted
with sufficient accuracy.

A representative volume element (RVE) for UD-layers with typical occurring void
geometries was developed and described in [34]. The results of a parametric study predict
a strong void influence on the out-of-plane stiffnesses, while the in-plane properties are
less affected. It was found that the shape and size of the voids have different effects on
the individual directional stiffnesses. For example, elongated flat voids mainly reduce the
shear moduli G13 and G23, whereas the in-plane shear modulus G12 is hardly affected.

In [19], RVEs were used to account for idealised ellipsoidal voids and computed to-
mography (CT) images were used for real void morphologies. Thus, the authors calculated
a negative influence of voids on the normal- and shear-components of the stiffnesses in the
laminate thickness direction.

In [35], the influence of voids on the quasi-static material behaviour is also investigated
with the help of RVE. In addition to the fibre and the matrix, the unit cell also contains an
adjective for description of the shape of micro voids between the filaments and spherical
macro voids between the rovings. The material behaviour under transverse tensile and
compressive loading was simulated.

To assess the influence of service-related defects, the resulting stiffness behaviour [36–38]
and strength behaviour [9,39,40] are primarily analysed in the literature with models for
predicting the residual stiffness due to cyclic preloading based on probabilistic [36] or
phenomenological [37,38] approaches. For example, in [37], a model for predicting residual
stiffness after fatigue loading with both constant amplitude and service loading is presented.
In this model, damage parameters are defined that depend on the material as well as on
the pre-fatigue and are obtained from experiments by using the least squares method.
Based on investigations of glass fibre and carbon fibre-reinforced epoxy composites with
five different layer structures each, the authors showed a higher fatigue-related stiffness
decrease for epoxy with glass fibre reinforcement than with carbon fibre reinforcement.

In general, fibre reinforced composites show a considerable residual load-bearing
capacity, even after an initial failure in the form of inter-fibre fracture or delamination [41,42].
In addition, basic analyses of the interaction of service-related defects under different types
of cyclic loading are known from fatigue tests. For example, the residual strengths after
cyclic loading are examined and described by means of wear-out or sudden-death models
in [43], who describe a statistical model based on RVEs for predicting the residual strength
and the service life of fibre composite materials under cyclic loading. The decrease of the
residual strength is shown and the probability of failure is given. In [44–46], the residual
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strength degradation of composites is investigated and models are established based on the
number of cycles and the maximum stress that occurs. In [40], the authors validate several
known phenomenological residual strength models using experimentally determined
residual strengths after cyclic preloading. For this purpose, the models are adapted for
enabling statistical predictions of the residual strengths at different load levels for different
materials and laminate structures. However, due to the large scatter of the measured
values, which increases further with increasing pre-fatigue [9] and can be attributed to the
initiation and evolution of different damage mechanisms, they cannot provide a conclusive
evaluation in the comparison of the model approaches. Only with the easily feasible
linear degradation model of Broutman and Sahu [47] can residual strengths be modelled
appropriately and conservatively throughout [40].

Investigations on the influence of voids on the strain-rate-dependent material be-
haviour of FRP have been presented by the author in [28]. The first approaches for mod-
elling the strain-rate-dependent deformation behaviour have been published for glass-fibre-
reinforced thermoplastics [10,48,49] and thermosets [8,50,51]. Potentially existing defects
due to previous damage caused by service loads are only considered in [10]. In summary,
the studies on the influence of defects on material behaviour always focus on one type
of defect (voids or pre-fatigue). However, in practice, different types of defects can occur
simultaneously and influence each other [4,52]. The effects of several defect types on the
strain-rate-dependent material behaviour of NCF-composites were first investigated and
mathematically described in [8]. In the developed damage model, sequential damage due
to defects from manufacturing (voids) and in subsequent service (fatigue) is taken into
account by adding up the individual damage parameters. However, this model does not
take into account interactions between defect types as demonstrated in [4] using in situ
computed tomography studies. Based on this work, the model of [8] has been refined and
is presented in this paper.

2. Materials and Methods
2.1. Materials and Pre-Damaged Methods

For the experimental studies, composites with glass fibre non-crimp fabric reinforce-
ment (GF-NCF) of eight layers [0/+45/90/−45]s are considered. The plies are charac-
terised by different fibre mass fractions (49% in 0°, 23% in 45°, 23% in −45°, and 5% in
90°). Using the vacuum-assisted resin transfer moulding (VARTM) method, test plates
were infiltrated in a flat steel mould with a cavity height of 3 mm. The injection resin
RIMR 135 with hardener RIMH 137 in a ratio of 100:30 was used. This resin has a low
viscosity and is cold curing within 24 h. For the purpose of reducing the process time,
the infiltration as well as curing is carried out at 40 °C. A curing time of 10 h is followed by
a temper cycle of 6 h at 80 °C. After the heat treatment, the resin shows a glass transition
temperature of 85 ± 2 °C, measured by the dynamic different calorimetry according to
ISO 11357. A fibre volume fraction of about 34.4 ± 3% has been achieved according to
ISO 1172. To investigate the influence of voids, the VARTM-complex was instrumentally
equipped with electronic pressure sensors and an instrumented resin trap in order to be
able to set the process parameters specifically. The main parameters influencing the void
content (VP) are the injection pressure on the resin inlet and the vacuum on the resin outlet.
The infiltration of test plates was always started at atmospheric pressure followed by an
increase to the desired infiltration pressure level and maintaining the pressure level until
the fluid reaches the resin outlet. In the case of holding pressure, the final infiltration
pressure is maintained until the resin system is fully cured. The resin-hardener mixture is
only degassed for the production of the nominally defect-free reference specimens before
infiltration. Table 1 contains the process parameters for the production of test specimens
with defined void content as well as nominally defect-free reference specimens. This pro-
vides test plates with voids contents of 0.01 ± 0.01%, 1.43 ± 0.65%, and 2.9 ± 0.9%. All
plates are computed tomography scanned as described in [4].
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Table 1. Process parameters for specimens production of GF-NCF/EP-composites.

Void Content Max. Injection Pressure Vacuum Holding Pressure Degassing

0.01 ± 0.01% 3 −1 3 Yes
1.43 ± 0.65% 0.5 −0.4 0 No
2.9 ± 0.9% 1 −0.2 0 No

The different void contents of the three configurations are also clearly visible in the
micrographs in Figure 1. The reference specimen (Figure 1a) is almost defect-free, only
smaller voids are visible. Larger spherical voids in the intermediate fibre areas and smaller
voids in the fibre areas are visible in the specimens with low void content (Figure 1b).
The micrographs of test specimens with higher void content show clearly more voids with
in the fibre rovings. (Figure 1c). In the upper layer, tubular voids are often visible, oriented
in the direction of the fibres. The majority of the voids are found in the 45°-layers.

Figure 1. Selected micrographs of nominally void-free (a), with low void content (b) and with higher
void content (c) GF-NCF/EP test specimens.

After infiltration and curing, test specimens were extracted from the manufactured
plates in angles of 0°, 45°, and 90° by water jet cutting. The sample dimensions are 250 mm
in length, 25 mm in width, and 3 mm in thickness. In order to analyse the influence
of fatigue-related pre-damage on the material behaviour, specimens have been fatigued
with an uniaxial cyclic testing machine with a maximum stress of 60% of the orientation
specific quasi-static tensile strength, at a load ratio of R = 0.1 and a frequency of 4 Hz under
ambient conditions. During uniaxial cyclic loading, material degradation occurs, which is
manifested, among others ways, by the formation and growth of cracks in the matrix [53]
and manifests itself in a drop in the dynamic stiffness Edyn, which is defined as the constant
slope between the extreme values of the stress-strain hysteresis [44]. The change in dynamic
stiffness is used in the following as a reproducible fatigue-related defect of the material.
From the ratio of the dynamic stiffness to the initial stiffness E0, the cyclic material damage
parameter Dcy is defined as follows

Dcy = 1− Edyn/E0. (1)

To determine the influence of fatigue-related pre-damage on the strain-rate-dependent
material behaviour, fatigue experiments were stopped after a short period of time
(Dcy = 0.29), while others were continued for longer periods (Dcy = 0.42). Void-containing
test specimens were also fatigued up to the same shutdown criterion with regard to
analysing the interaction of manufacturing-related (voids) and service-related (fatigue)
defects on the strain-rate-dependent material behaviour.

A servo-hydraulic high velocity test rig INSTRON VHS 160/20 is used for the charac-
terisation of the strain-rate-dependent material behaviour of the GF/NCF-EP-composite.
The test rig is capable of generating a maximum test force of 160 kN and test speeds of
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up to 20 m/s and thus allows determining the strain-rate-dependent material behaviour
of the GF/NCF-EP-composites with strain rates (ε̇) in the range between 0.0004 s−1 and
40 s−1. For highly dynamic tensile tests, the VHS is equipped with a special clamping
device that allows impulse-like force application into the specimen, thus ensuring tensile
tests with constant strain rates. The deformation measurement is carried out by means
of digital image correlation (GOM, Aramis), which requires the preperation of specimens
with a grey scale point pattern. The distortion of the point pattern during tensile load-
ing is recorded with a high-speed camera and then analysed with the Aramis software.
For further information on the measurement principle and evaluation procedures of highly
dynamic experiments, please refer to [48].

2.2. Adjunctive Damage Model

For the mathematical description of the strain-rate-dependent stress-strain behaviour
of GF-MAG/EP composites under uniaxial tensile loading, an extended Hooke’s law
according to

σα(ε̇) =
[
1− Dε̇

α

]
· E0

α(ε̇) · εα (α = 0°, 45°, 90°) (2)

is used. Therein are σα the nominal stress, Dε̇
α the damage parameter, E0

α the modulus of
elasticity of the reference material, and εα the strain. The variables are formulated as a
function of the direction of loading α. In addition, the modulus of elasticity depends on the
strain rate ε̇ as observed from experiments.

The degree of damage in terms of the damage parameter Dε̇
α is obtained by integra-

tion from the differential equation of damage evolution Ḋε̇
α formulated according to [50]

as follows

Ḋε̇
α = κα · ε̇ + ξα · ε̇λα (3)

with the strain rate ε̇ and the free parameters κα, ξα, and λα. For a constant strain rate,
which can be assumed in good approximation for the tests carried out here, the degree of
damage results to

Dε̇
α =

(
κα + ξα · ε̇λα−1

)
εα + Dχ

α . (4)

The free parameters can be identified by adapting them to experimentally determined
stress-strain curves. In [50], the resulting additive integration constant was set to zero
(Dχ

α = 0), since an ideal defect-free and non-preloaded textile composite material was
assumed. As described in [8], this parameter can be understood as a defect parameter and
enables the consideration of any pre-damage to the material. As preliminary investigations
show, homogeneous damage to the composite can be assumed in the case of both voids [4]
and fatigue [44]. If both types of defects are present in the material, they can influence each
other [4] and must be taken into account in the mathematical description.

The evolved model presented here shows an approach that takes into account the
defect interaction of voids and fatigue pre-damage with the help of the additive defect
parameter Dχ

α . It is assumed in analogy to the continuum damage mechanics referring back
to KACHANOV and RABOTNOV [54,55] that the damage Dχ

α in the uniaxial and isotropic
case can be understood as the ratio of the damaged cross-sectional area δAD and the
nominal cross-sectional area δA according to

Dχ
α =

δAD
δA.

(5)

The damage in the material can thus be quantified practically in a cross-section of the
damaged body that is perpendicular to the direction of loading (Figure 2). The defect
parameter Dχ

α is limited as follows

0 ≤ Dχ
α ≤ 1. (6)
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Figure 2. Principle representation of homogeneously distributed manufacturing and operational defects.

As described above for an ideal defect-free and non-preloaded textile composite mate-
rial, Dχ

α = 0. As a result of the manufacturing-related defects in the form of homogeneously
distributed voids, which are always present in practice, the integration constant reaches
a value greater than zero (D0

α > 0). The integration constant is also greater than zero
(Dω

α > 0), here specifically Dcy > 0, if additional general operational defects occur in
the load history as a result of cyclic preloading. Defects caused by cyclic preloading are
supposed to be homogeneously distributed.

With the findings from the characterisation of the defects carried out by means of in
situ computed tomography in [4], it is concluded that fatigue-related inter-fibre fractures
and production-related voids are two separate defects that might partially interact as well.
The interaction of both defect types can be mathematically described from the geometric
view according to Figure 3 as an adjunction (D0

α ∪ Dω
α ) for the first time.

Figure 3. Geometric consideration of the interaction of manufacturing and operational defects.

In summary, this results in the following cases:

D0
α ∪ Dω

α = 0 ideal pristine composite,
D0

α > 0 composite with manufacturing defects,
Dω

α > 0 composite with operational defects,
D0

α ∩ Dω
α > 0 interaction of manufacturing and operational defects.

(7)

Assuming that manufacturing defects D0
α and operational defects Dω

α arise indepen-
dently of each other, the probability that both defects occur simultaneously is equal to the
product of the individual probabilities according to

D0
α ∩ Dω

α = D0
α · Dω

α . (8)

The interaction of both defect types can be seen from Figure 3 as adjunctive formulation
according to the damage caused by both defects and can thus be determined according to:

D0
α ∪ Dω

α = D0
α + Dω

α − D0
α ∩ Dω

α . (9)

The AND-term (D0
α ∩ Dω

α ) must be subtracted from the sum of the two damage
parameters, since both types of defects can overlap. For a few small defects, and thus
small damage parameters, this portion is relatively small. However, if the number and
size of defects increase, the probability of overlapping defects also increases; therefore, the
influence of the AND term also increases.
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Thus, Equations (8) and (9) result in the defect parameter Dχ
α , which represents the pre-

damage of the material due to defects caused by manufacturing and operation according to

Dχ
α = D0

α + Dω
α − D0

α · Dω
α . (10)

The strain-rate-dependent damage behaviour of GF-NCF/EP-composites with sequential
homogeneous pre-damage due to voids and multiple cracks can thus be described on a macro-
scopic level considering the adjunctive damage components with Equations (4) and (10) in a
defect-dependent evolution equation according to

Dε̇
α =

(
κα + ξα · ε̇λα−1

)
εα + D0

α + Dω
α − D0

α · Dω
α . (11)

As described in many studies [1,2,50] and also proven by our own work on this mate-
rial [8,28,52], an increase in stiffness can be observed with increasing load rate. Therefore,
the direction-dependent elastic moduli are dependent on the strain rate ε̇. The experimen-
tally observed non-linear stress-strain behaviour, without a description of material failure,
can be described in practice with a Johnson-Cook model [56] adapted for FRP [50]:

E0
α(ε̇) = E0,re f

α

[
1 + AE

α · ln
(

ε̇

ε̇re f

)]
. (12)

Here, E0,re f
α are the direction-dependent engineering constants in the nominally undam-

aged state determined at a selected reference strain rate ε̇re f and AE
α is a material constant.

The combination of Equations (2), (4), (10) and (12) results in the mathematical descrip-
tion of the strain-rate-dependent stress-strain behaviour of defect-affected GF-NCF/EP-
composites in the elementary case of an uniaxial load and neglecting the transverse con-
traction influence according to

σα =
[
1−

((
κα + ξα · ε̇λα−1

)
εα + D0

α + Dω
α − D0

α · Dω
α

)]
· E0,re f

α

[
1 + AE

α · ln
(

ε̇

ε̇re f

)]
εα, (13)

the Adjunctive Damage Model (ASM).

2.3. Parameter Identification

The direction-dependent material parameters and damage parameters present in the
ASM can be determined from the test results by means of inverse identification using the
method of least squares. Here, the model parameters were determined in tensile tests of
GF/NCF-EP-composites in 0°-, 45°-, and 90°-loading direction in three steps. In steps one
and two, results from nominally defect-free reference specimens are evaluated. The first
step is to determine the direction-dependent engineering constants E0,re f

α at the lowest strain
rate 0.0004 s−1, as this corresponds to a quasi-static loading speed. For the mathematical
description of the strain-rate dependence of the material behaviour, in step two, the tests
at strain rates of 0.004 s−1 and 4 s−1 are used to determine the material and damage
parameters. The defect parameter D0

α is not necessarily set to zero during identification
because voids are omnipresent. In contrast, cyclic pre-damage can be excluded for the
nominally defect-free reference material, so that Dω

α = 0. Table 2 contains the determined
directional constants and parameters. It can be seen that the defect parameter D0

α increases
with decreasing fibre content in the loading direction. The more the matrix dominates the
mechanical material behaviour, the more an influence of voids is detectable.
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Table 2. Identified model parameters for the description of the strain-rate-dependent material
behaviour of nominally defect-free GF-NCF/EP-composites.

Parameter 90° 45° 0°

E0,re f
α in GPa 8.4 12.4 18.9
ε̇re f in s−1 0.0004 0.0004 0.0004

AE
α 0.02 0.01 0.02

ξα 2.24 0.2 0.06
λα 1.12 1 1.7
κα 10 11 9.8
D0

α 0.17 0.001 0
Dω

α 0 0 0

Figure 4 shows the composite-specific comparison of the corresponding experimentally
and computationally determined stress-strain curves as a function of the strain rate for the
nominally defect-free reference materials. In the 0°-loading direction, an approximately
linear curve can be seen, while the curves for the 45°- and 90°-loading direction show a
non-linear stress-strain behaviour. The evaluation of the stress-strain diagrams consistently
shows an increase in stiffness and strength with increasing loading rate. The presented
model is thus flexible enough to represent the experimentally determined stress-strain
curves of the nominally defect-free tensile specimens as a function of the strain rate with a
uniform modelling approach.

Figure 4. Comparison of representative strain-rate-dependent stress-strain-curves from experi-
mentally determined and computationally generated data for nominally defect-free GF-MAG/EP
composites for parameter identification.

In the third step, the results of the tensile tests determined on voids and pre-fatigued
composites at the specified reference strain rate are used to determine the defect
parameters (Table 3).

Table 3. Identified model parameters for the description of the strain-rate-dependent material
behaviour of defective GF-NCF/EP-composites.

Defect Parameter Defect Measure 90° 45° 0°

D0
α VP = 1.43% 0.21 0.025 0.039

D0
α VP = 2.9% 0.22 0.04 0.046

Dω
α Dcy = 0.29 0.1 -/- 1 -/-

Dω
α Dcy = 0.42 0.17 -/- -/-

1 not yet determined.
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Figure 5 shows the experimental and calculated stress-strain-curves of the defective
specimens in direct relation to the nominally defect-free reference tests. The investigated
composite material degrades with increasing void contents and with higher pre-fatigue.
A good agreement of the modelled curves with the experimentally determined stress-strain
curves is recognisable. The degradation of the defective GF-NCF/EP-composites can be
represented uniformly for the first time with the presented model approach. The applied
step-by-step strategy for parameter identification enables the determination of the free
parameters without complex non-linear optimisation.

Figure 5. Comparison of representative stress-strain curves determined experimentally and with the
identified parameters calculated stress-strain curves of nominally defect-free, porous and pre-fatigued
GF-MAG/EP- composites at the reference strain rate.

3. Results and Discussion
Model Validation

For model validation, the agreement of predicted curve shapes with further experi-
mentally determined strain-rate-dependent stress-strain curves not used for calibration is
checked. The agreement is evaluated on the basis of the mean relative deviation. In the
first step, predictions of the stress-strain behaviour are checked for further strain rates of
0.04 s−1, 0.4 s−1, and 40 s−1 on the basis of the direction-dependent model parameters
summarized in Table 2. The predicted curves are compared with the results of the highly
dynamic tensile tests in Figure 6. The strain-rate-dependent stiffness increase, the linear
curve progression in the 0°-loading direction, and the non-linear stress-strain behaviour
in the 45°- and 90°- loading directions are well predicted. The average relative deviation
between the test result and the model prediction is 8.6% for the 0°-loading direction, 13%
for the 45°-loading direction, and 7.1% for the 90°-loading direction.
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Figure 6. Validation of the ASM for additional strain rates for nominal defect-free GF-NCF/EP-
composites for strain rates of 0.04 s−1, 0.4 s−1 and 40 s−1.

In the next step, the model parameters and the direction-dependent defect parameters
for manufacturing-related defects (D0

α) summarised in Table 3 are used. The purpose is used
to predict the stress-strain behaviour of porous GF-NCF/EP composites with void contents
of 1.43% and 2.9% as well as for strain rates of 0.004 s−1, 0.4 s−1, and 4 s−1. As shown in
Figure 7, the predicted curve shapes for porous composites in the 0°-, 45°-, and 90°-loading
directions agree well with mean relative deviations of 9.2% (0°-loading direction), 8.6%
(45°-loading direction), and 6.8% (90°-loading direction). The deviations between the model
and the test can partially be attributed to variations in the determined void contents, which
are not known for specific specimens.

Figure 7. Validation of the strain-rate-dependent stress-strain curves of porous GF-NCF/EP-
composites calculated with the ASM.
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Finally, on the basis of the separately determined defect parameters summarised in
Table 2, the stress-strain curves are predicted for defective composites in which both defect
types (voids and fatigue pre-damage) are simultaneously present. Figure 8 shows the
curve progressions calculated by the ASM and the corresponding measured values for
separately existing defects in form of voids with void contents of 1.43% (Figure 8a), of 2.9%
(Figure 8b), or with fatigue-related pre-damage up to Dcy = 0.29. Here, predictions with
a mean deviation of 9.7% were achieved. It can be concluded that pre-damage due to
the interacting of voids and fatigue further reduces the strain-rate-dependent stiffness
behaviour significantly.

Figure 8. Validation of the material behaviour of defective GF-NCF/EP-composites with sepa-
rately and simultaneously existing operational defects Dcy = 0.29 and manufacturing defects with
VP = 1.43% (a) and VP = 2.9% (b).

4. Conclusions and Summary

Due to their adjustable energy absorption capacity, non-crimp fabric composites are
predestined for lightweight structures that are exposed to high loads and thus high defor-
mation rates under operating conditions. However, NCF-composites can exhibit defects
that occur during production (voids) and in operation (fatigue). The influence of such
defects, especially the interaction of both defect types on the strain-rate-dependent material
behaviour, is still insufficiently researched and can represent a safety risk. In order to
analyse the influence of separately or jointly present voids and fatigue pre-damage on
the strain-rate-dependent material behaviour, the manufacturing process was modified.
Furthermore, a test method was developed that makes it possible to determine defined
fatigue-induced pre-damage in test specimens. The strain-rate-dependent material be-
haviour was analysed under tensile load at nominal technical strain rates of 0.0004 s−1 to
40 s−1. For complete material mechanical characterisation, test specimens were tested in
three fibre directions.

The experimental work indicates the need for combined modelling of the direction
dependence of the properties, the strain-rate dependence and the interaction of the defects.
For this purpose, the phenomenological Adjunctive Damage Model (ASM) with statistical
considerations of the defect interaction was developed. The interaction of both defect types
is formulated as an adjunctive operation (OR) of the defect parameters. With increasing
defect sizes, and thus increasing defect interactions, the strain-rate-dependent deformation
behaviour can be predicted more precisely than with a pure summation of both defect
types. An essential advantage of the ASM lies in the prediction of the strain-rate-dependent
degradation behaviour of composites with separate or combined manufacturing- and
service-related defects for the first time.



J. Compos. Sci. 2023, 7, 365 12 of 14

The result is a flexible and practice-oriented model approach for the description of
the strain-rate-dependent material behaviour. The knowledge gained makes a significant
contribution to the future defect-tolerant design of FRP structural components, which
can be used to reduce over dimensioning and uncertainties in product development and
product use.
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