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ABSTRACT

The present work deals with constitutive modelling of the impact response of woven carbon fibre
reinforced polymer composites. A modification of the previously developed VUMAT Fortran
subroutine prepared for utilization in combination with Abaqus/Explicit is presented. The previously
developed model for unidirectional plies is now extended to utilization in the case of woven plies as
well. Strain rate dependence of ply strength values is implemented using logarithmic functions, with a
low-pass filter smoothing of numerically obtained strain rate values. Failure initiation is modelled
according to the modified Hashin’s theory consisting of a total of five failure criteria. Validation of the
developed constitutive model is performed by comparison of numerical results to the numerical and
experimental data available in the researched literature. Results have demonstrated that the constitutive
model at the current state has a capability to capture low impact energy phenomena accurately. They
have also shown that the future work proposed in this paper should lead to improvements in the accuracy
of the impact numerical simulation predictions in wide range of velocities, i.e. impact energies.

1. INTRODUCTION

Impact damage is a specific concern in laminated composite structures due to the inherent
heterogeneity of the material at various length scales. The structural behavior during the impact event
is even more complicated since carbon fiber composites exhibit significant strain-rate dependence of the
elasticity and strength properties as documented in e.g. [1].

Numerical techniques are increasingly being used in the design process of state-of-the-art automotive
and aerospace structures where crashworthiness is one of the key design criteria. To improve accuracy
and reliability of the impact damage procedures, this work presents a numerical methodology that is
focused on unidirectional (UD) and woven composite plies at a wide range of impact velocities and
strain rates. Previously developed and tested for UD composites, the existing model represents an
adequate base for further development of the material constitutive model suitable for woven composite
plies.

Based on the available references, it can be concluded that in research generally woven composites
are significantly less covered compared to the unidirectional composites [2]. By incorporating certain
assumptions, in specific cases, the UD lamina theories can be utilized for woven composites as well.
The major issue in this approach lays in the nature of the woven material itself — the fibers are placed in
both directions (warp and weft) of the lamina plane and are more interconnected.

Most of the UD ply failure theories consist of four different failure criteria corresponding to fiber
and matrix tensile and compressive failure [2]. Therefore, the simple starting point approach is to utilize
the two (tensile and compressive) failure criteria developed for fiber direction in UD plies for modelling
of all four in-plane failure modes - warp and weft compressive and tensile failure modes in woven plies.
Additionally, existence of resin rich zones has a significant impact on the woven lamina behavior that
has to be accounted for in numerical procedures [3]. Finally, woven lamina exhibits, especially in the
high strain rate conditions such as impact loading regimes, a pronounced non linear behaviour [4]
specifically characteristic for shear directions.
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In this work, a starting point of the development of the woven CFRP strain rate dependent
constitutive model is presented, by means of incorporating the appropriate failure criteria and including
the strain rate effects partially - i.e. the strain rate dependence of the ply strength values. The model is
validated against existing experimental results by performing ballistic impact simulations on CFRP
rectangular plate. Further work agenda is briefly presented, including damage propagation laws and
delamination modelling.

2. METHODOLOGY

The strain rate effects have been implemented using the VUMAT subroutine that allows user-defined
definition of the constitutive relations in Abaqus/Explicit. In the original code, the phenomenological-
based theory, introduced in [5], has been selected as the damage initiation criterion. The model is based
on Puck’s theory that has been modified to include the strain rate effects. Consequently, logarithmic
functions have been used to include the strain rate effects by scaling the strength values.

2.1. Strain rate dependency

As it was already mentioned, it is a known fact that increased strain rate leads to elevation of CFRP
strength values. Therefore, according to [5], a logarithmic function is utilized to model this dependency
law as follows:

kii(€:) = Ko + K -log(l€; ) + K, - (log(l£;:1))?, 1)
where K, K; and K, are the curve fitting parameters used to determine the k;; (¢;;) strain rate effect
parameter corresponding to strain rate &;; and strength in the direction ii. As could be seen from material
strength data given in Table 1, taken from [6] for a material system T300 K3/IMP530R and T300 K12/
IMP530R, it is evident that the increase of strength value in the elevated strain rate conditions is varying
for different strengths. Hence, different curve fitting parameters are established for separate strengths.
Values of fitting parameters K, and K; corresponding to specific strengths of the used material system

utilized in this work are shown in Table 1 as well. Values of K, fitting parameters were set to zero for
strengths in all directions.

Parameter Unit Quasi-static Dynamic Ko, [-] Ky, []
X =Y, [MPa] 52 594.2 1.07 0.024
X. =Y, [MPa] 471.2 849.4 1.40 0.134
Z [MPa] 73 107.8 1.24 0.079
Z, [MPa] 320.1 348.6 1.04 0.016
S12 =S8,3 =813 [MPa] 100 194.5 1.47 0.158

Table 1: Extrapolated quasi-static and dynamic strength data for a material system T300 K3/IMP530R,
T300 K12/ IMP530R [6,7], along with strain rate effects fitting parameters K, and K;

Failure envelopes in the o,; — 05, and o5, — 04, plane for quasi-static (0.001 s), elevated (1 s?)
and high (1000 s™) strain rate conditions are depicted in Figure 1 a) and b) respectfully, and are showing
a good agreement with the strength data given in Table 1. As could be seen in the following section,
shear strength increase with the elevation of strain rates is not taken into account in the proposed failure
criteria.
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Figure 1: Failure envelopes for quasi-static (0.001 s*), elevated (1 s**) and high (1000 s™) strain rates:
a) inthe g;,; — 05, plane, b) in the g,, — 07, plane

It is of significant importance to address the solution to inherent strain-rate value oscillation that
arises as a result of the explicit numerical integration scheme. In order to overcome this problem, as
opposed to the frequently used simple averaging method, a low-pass filter is modelled as proposed in
[8] and is implemented in the model. Utilization of the low-pass filter requires determination of two
variables, namely threshold (Aé.;,) and limit (Aég;;,,) values of strain rate difference in a single simulation
increment (A, = & — €._a¢). The strain rate increment A¢ is evaluated by comparing it to the threshold
value Aéy,, and, if itis greater than the defined threshold, it must be reduced to a processed value A€,
according to the law presented by relation [8]:

_Ai-Akg
A"‘—:proc = A"‘—:tsh + (Aélim - A“é‘tsh) ' (1 —e Aslim_AstSh) (2)

2.2. Failure initiation

Failure initiation, in the case of woven plies, is modelled according to modified version of Hashin’s
failure theory presented in [6], which distinguishes eight different failure criteria: warp and weft fiber
direction tensile and compressive criteria, three shear failure criteria and a single matrix failure initiation
criterion. For the simplicity reasons, considering the fact that no damage propagation is included in the
model, at this stage of the research the shear failure criteria are not implemented. The rest of the named
criteria are respectively as follows:

2 2 2

FF1T = (;i;) + (%) + (;f) >1, (3)
011 g T12)\? 713)\?

FF1C = <X—g> + (5—12> + (5—13) > 1, 4)
022 g T12)\? T23\?

FF2T = (YT") + (5—23) + (Q) > 1, )

2 2 2
022 T12 T23
FF2¢ = (=) + (—) + (—) >1,and (6)
<ch> S23 S23
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As stated above and could be seen from eqg. (7), a single matrix criterion is proposed. However, in order
to be able to get better understanding and track the physical behaviour of the analyzed composite plate,

it is convenient to simply separate the criterion to tensile and compressive ones, based on the sign of the
stress component g3.

2.4. Numerical model

A numerical model identical to the one examined in [6,7] was created using Abaqus/Explicit finite
element method software. A square composite panel of 195 x 195 mm? surface area and nominal
thickness of 5.58 mm in a cantilever fixture is impacted by a solid 23.8 mm diameter steel spherical
impactor of 54.7 g mass at various initial velocities. A ten-ply layup consisting of two outer (surface)
plies of thickness of 0.31 mm and eight mid (bulking) plies of nominal thickness of 0.62 mm was used.
All plies placed in the same orientation ([0°, 90°]), hence contributing to the assumption of orthotropic
behaviour. For the CFRP material system used, extrapolated elastic properties obtained from [6] are
shown in Table 2. The modelled assembly with boundary and initial conditions is depicted in Figure 2.

Elastic property Unit Value

E, =E, [GPa] 51

Es [GPa] 8

Gy, [GPa] 4.032

Gy3 = Gy3 [GPa] 3

Vig [-] 0.06

V23 = Vi3 [-] 0.3

Table 2: Extrapolated elastic properties for T300 K3/IMP530R and T300 K12/IMP530R material
system [6]

Figure 2: Numerical model with prescribed boundary and initial conditions
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The impact event was analysed in three different conditions; three different impact energies - namely
96.8 J, 168.5 J and 229 J, corresponding to initial velocities of 59.5 m/s, 78.5 m/s and 91.5 m/s,
respectively. The composite plate was numerically modelled by first order hexagonal finite elements
with reduced integration (C3D8R). Each ply of the laminate was modelled by one finite element through
the thickness. Varying size of finite elements was employed for the sake of computational efficiency -
directly under the impactor, an approximate size of 1 mm of an element is used, while further away an
average size of 2 mm is utilized. Steel projectile was modelled as a linearly elastic deformable body,
described by the same type of finite elements of average size equal to 1 mm. Material properties used
for the steel impactor are given in Table 3.

Property Unit Value
E [GPa] 210
v [-] 0.3
p [kg/m?] 7750

Table 3: Steel impactor material properties

Mesh discretization of the numerical model is shown in Figure 3. The total number of finite elements
for the composite plate is 163840, while the impactor was modelled by 12744 finite elements.
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Figure 3: Meshed numerical model with a detail of the plate through thickness finite element
discretization

3. RESULTS

One of the numerical difficulties in the modelling of impact phenomena using strain rate dependent
constitutive models is the aforementioned spurious oscillation in the strain rates that are calculated from
the explicit FE procedure. To obtain physically accurate and robust strain rates as input parameters for
the constitutive models, several approaches have been tested. The result in Figure 4 shows the effect of
the already named approach of using the low-pass filter. The strain rate in this result is the normal strain
rate in the finite element at the impact location that has a very high value at the initial contact.
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Figure 4: Raw and processed history of strain rate &,

Comparison of the out of plane displacements (u,) along vertical and horizontal paths along the plate
directly under the impactor are given in Figure 5 for the lowest impactor velocity analyzed (59.5 m/s),
and in Figure 6 for the medium impactor velocity of 78.5 m/s, in various time sequences. In order to
keep the results readable and concise, only 3/5 experimental time sequence curves per graph were
displayed. Due to the lack of experimental data available in the work [6,7], results of the highest impact
velocity were not analyzed in an analogous manner.
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Figure 5: Out of plane displacement fields in low velocity impact: a) over horizontal path, b) over
vertical path
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Figure 6: Out of plane displacement fields in mid velocity impact: a) over horizontal path, b) over
vertical path
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As could be seen from Figure 5, the herein developed model with purely elastic behaviour is
correlating well with the experimentally obtained results from [6,7]. On the other hand, larger deviation
could be observed from Figure 6 depicting the response of the plate in the case of the intermediate
velocity impact. Some result discrepancies may originate from simple difference of the exact starting
distance of the impactor, and thus time sequence selection differences. However, the main reason for
the observed differences is known and is addressed in the following section.

Failure criteria values for the highest velocity impact are shown in Figure 7. In the figure, fiber tensile
and compressive failure criteria for direction 1 (FF1T and FF1C) are presented along the matrix tensile
(MFT) and compressive (MFC) criteria, over the plies 1, 4, 7 and 10. As the fiber failure criteria are
identical in both in-plane directions (1 and 2), the failure index distributions are similar, hence the
display of the FF2T and FF2C is left out.

SDV33

(Avg: 75%)
+1.000e+00
+9.167e-01

+0.000e +00

+8.333¢-02
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Figure 7: Failure criteria in different plies: a) FF1T, b) FF1C, c) FMT, d) FMC

Failure criteria displayed in Figure 7 contribute to understanding the validity of the constitutive
model developed, and lead to the conclusion that the failure criteria and solution in general are physically
sound. As expected, the tensile stresses leading to tensile fiber failure (Figure 7 a)) occur in the upper
plies further away from the impact point, and on the bottom plies in the zone of the impact (middle of
the plate). On the other hand, compressive fiber failure (Figure 7 b)) occurs in the center of the plate
throughout the whole thickness. While observing the matrix tensile failure indexes (Figure 7 c)),
compared to fiber tensile failure, similar conclusions could be made. On the lower surface ply (ply 10),
expected as well, tensile matrix failure is observed along the edge of the cantilever clamping fixture.



J. Ratkovi¢ and D. Ivancevié

Unanticipated were only the compressive failure indications of both fiber and matrix in the remoted area
of the exposed surface ply (ply 1). This phenomenon might need further investigation in future exercises.

4. DISCUSSION

It is evident that the observations found in the previous section mainly arise from the lack of the
damage propagation mechanism in the developed model - the higher the impact energy (i.e. impact
velocity) - the more damage is induced in the plate. Another significant difference that has an impact on
the result discrepancy between the herein developed model and the reference model [6] is the lack of
the existence of strain rate effects on the stiffness parameters in here proposed model. The reference
model utilizes the identical logarithmic functions (with different fitting parameter values) for stiffness
and strength strain rate dependency, as proposed in [10]. The theory [10] was previously researched by
the authors and is still considered as a viable alternative for the implementation in the constitutive model
code.

The research presented in this work is currently in the phase of implementation of a well-known
damage evolution model implementation is in progress, by means of bilinear traction-separation law,
utilizing five damage variables corresponding to the defined failure criteria. However, an interesting
strain-rate dependent damage propagation model designated specifically for plain woven composites is
proposed in [11] and is planned to be tested in the future with the here examined constitutive model.

Finally, an important further research phase is the implementation of an interply damage model that
would enable modelling of delaminations. At this stage, the proposed model does not incorporate the
delamination failure initiation and damage propagation model. However, delamination failure mode is
generally known to be one of the most common, and in the case of impact loadings, most severe failure
modes according to many resources and researches published, e.g. [12]. Thus, it is evident that better
predictions of composite behaviour in various conditions require specific attention paid to delamination
modelling. Future work includes modelling delamination behaviour according to [13].

5. CONCLUSIONS

In this work, introduction to the current stage of work in progress, by means of developing a woven
CFRP strain rate dependent constitutive model with a rate dependent failure initiation theory is
presented. At this stage, the constitutive model expansion from unidirectional to woven ply laminate has
been made, including failure criteria modification and strain rate effects inclusion, and has been proved
to be successful.

By the out of plane displacement results compared to experimentally obtained ones presented in the
paper, as expected, it is obvious that pure linear elastic material response fails to provide a good
prediction in the case of elevated impact energies. Failure criteria distribution over different plies
provides adequate evidence of logical and physically sound behaviour of the developed model and also
points to specific results that may require further investigation.

Further work considerations consist of more detailed strain-rate effects implementation - regarding
the linkage of increase of stiffness parameters and possibly fracture toughness with the increase of strain
rates. Furthermore, advanced damage evolution laws implementation and more sophisticated failure
initiation criteria may lead to better load bearing capability prediction for woven composites, especially
in the case of impact damage evaluation. The non-linearity of the shear response will be incorporated as
well, by modelling the constitutive relations according to [4]. Last but not least, introduction of
delamination failure mode initiation and propagation in the constitutive material model is from author’s
perspective the most significant advancement to be made to the current model, in order to obtain more
accurate simulation results, and thus more high-fidelity solutions.
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