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Abstract

A 3D mesoscale model for damage growth is unified. The fibre kinking behaviour is
based on fibre kinking theory handled in a finite deformation framework. The nonlinear
shear behaviour is pressure dependent and is modelled by combining damage and fric-
tion on the fracture plane. Fibre kinking growth and transverse behaviour are mutually
influenced and modeled with a single damage variable. This allows both modes to occur si-
multaneously in an efficient and physically-based way. For verification the model is tested
against micro-mechanical FE simulations with multi-axial stress states such as σ22 − σ11

and τ12 − σ11 and against selected component tests. The combination of both models re-
sults in a high definition and physically-based 3D constitutive model for damage growth
and crushing of composite materials.

1. Introduction

The use of composite materials in automotive structural components is challenging due to
material and design costs arising from extensive testing necessary to ensure crashworthiness
[1]. Therefore, predictive crash models are necessary to shorten the design cycle and thus
reduce costs of using composites more competitively by replacing more expensive tests with
cheaper simulation.

In order to help in designing composite materials, several models with focus on failure and
damage have been proposed in the literature, e.g. [18, 13]. There are also models directed
towards crash applications such as [20, 14, 7].

Despite significant progress, there is no clear superiority among the models in capturing
progressive failure and crash with high fidelity.

The complexity with damage modeling arises partly from the interaction of the different
mechanisms for a varying stress state. Approaches that lock the damage modes [20, 6, 19], or
that let the damage modes interchange between themselves oversimplify the physical complex-
ity.
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where F is the deformation gradient and I is the second order identity tensor. Once the kink-
band plane is obtained, the G-L strain tensor components can be transformed from the global
coordinate system to the the kink-band plane, ψ, as shown in Fig. 1. The transformation is (on
matrix form) given by:

E
ψ = TψET

T
ψ (2)

where Tψ is the transformation matrix for a rotation around the 1-axis with an angle ψ. The
aim is to model the nonlinear shear response in the material frame, therefore, the strain tensor
components need to be further transformed into the ’misaligned’ frame as:

E
ψ,i = TiE

ψ
T
T
i (3)

where Ti is the transformation matrix for rotation with an angle θi (around the 3ψ-axis).
The constitutive response in the material coordinate system is then given by

S
i,ψ = CE

i,ψ (4)

where S
i,ψ is the stress tensor and C is the stiffness tensor in the material coordinates.

2.2 Final failure

For increasing shear strains the shear stress and damage parameter increase monotonously
until the strain reaches an experimentally determined critical strain. An experimentally based
condition for final failure strain is introduced to represent fully-developed macroscopic cracks
as follows:

fiff =
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)2
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(5)

where γcr
L is the shear strain at specimen rupture, γcr

T is obtained from transverse compression
tests (already performed for material characterization). Using this failure condition the tough-
ness measurements can be avoided. Once the final failure criterion is reached, the shear micro-
cracks coalesce unstably into a macroscopic crack and the damage parameter rapidly reaches
unity. The remaining low shear stress is caused by the frictional forces on the fracture surface.
A steep strain softening behaviour results in growth of localized strains [3], which may cause
oscillations and nonphysical response given that an explicit solver is used. This may result in
numerical oscillations, excessive element distortions and slow down the simulation. Thus, a
more robust method is necessary that does not cause instabilities and still captures the rapid
degradation.

The proposed method for this rapid transition phase does not rely on physics which may
be a reasonable simplification since this steep response has very low contribution to the energy
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shown in Figure 6. A cohesive damage model is defined at the fiber-matrix interface including
friction. The fiber is considered as a linear elastic transversely isotropic solid, and the poly-
mer matrix takes into account plastic deformation, damage and pressure sensitivity typical of
polymers. A detailed description of this CMM model can be found in [15, 12].

For the comparison with the CMM model, some of the parameters of the constitutive model
presented here were fitted to reproduce the shear response of the material system AS4/8552.
The final fitting was: p = −0.65, γf = 2.0, τ0 = 50 MPa, p0 = 30 MPa. The stiffness in
the longitudinal direction of the ply was estimated through the rule of mixtures assuming a fiber
volume fraction of 60% (E1 = GPa). It should be noticed that, in the mesoscale constitutive
model, eventual collapse of the ply was disabled to achieve a fair comparison with the CMM
model.

The mechanical response under longitudinal compression is shown in Figure 6a for four
different initial misalignments (ϕ0 = 1.5, 2.5, 3 and 4◦). Both models are able to capture
the initial linear elastic stage up to the peak load (compressive strength, Xc) followed by a
sudden load drop due to fiber kinking down to a residual crushing stress. Good agreement
between the two models is observed during the elastic regime and up to the peak load when
fiber kinking is triggered. This is clearly evidenced on the sensitivity curves in Figure 6b, in
which the maximum difference in the compressive strength for the range of initial misalignment
considered is below 7%. The analytical estimation shown through the solid black line in Figure
6b was obtained by applying the fiber kinking theory (FKT) originally proposed by [5] and later
generalized by [16] into the LaRC04 failure criteria. However, a difference around 150 MPa
is evidenced in the crushing stress obtained from the two models. This disagreement may be
explained by the strategy followed to fit the parameters describing the current constitutive model
by using just one characteristic curve of the material (in-plane shear, τ12−γ12), therefore lacking
detailed characterization of the parameters (p, γf , τ0, p0).

4. Verification at the specimen level

The verification of the model is done with the simulation of a simple flat specimen under
three point bending. The dimensions are shown in Fig. 7 and the layup is [90/0/(45/-45)2/0/90]
the material system is T700/E445. Two models with one element per ply were created and
simulated using ABAQUS/Explicit 2019. For simplicity, no delaminations were considered at
this stage. The element length was changed from 1 mm to 0.6 mm in order to test the mesh
size sensitivity of the model. The average fibre misalignment considered was 3◦. It is important
to point out that this setup is not ideal for a more in-depth model validation due to the sudden
nature of failure. Although this setup fulfils the following purposes: (i) To verify the robustness
of the modelling in a real simulation case; (ii) To check the sensitivity of the model to mesh
refinement; (iii) To evaluate the performance of the model against experiments; (iv) Investigate
the interaction of fibre kinking with matrix damage.

The model has run successfully without any nonphysically behaviour spotted throughout
the simulation. Furthermore, the two different mesh yield very similar results as shown in Fig.
8. The results correlate well with experiments mainly with the Experiments 1 and 2 (xxx):
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interaction between fibre compression and matrix damage. Future work will focus on further
validation at the material point and specimen level.
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