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Abstract

Composites subjected to out-of-plane stresses due to impact loading can suffer from multiple
delaminations, but modelling these in large scale structures is a challenging problem. To address this,
a methodology is proposed for modelling dynamic delamination initiation and propagation in composites.
It adaptively segments the mesh with additional nodes which model the discontinuities in the
displacement field caused by delamination. Besides, it also introduces cohesive segments between the
newly created nodes so that delamination propagation is controlled by an energy criterion. These
adaptations are performed ‘on-the-fly’ in a dynamic explicit Finite Element solution without the need for
user intervention, and the mesh segmentation technique does not reduce the time increment size for
solution stability. A technique to initialise cohesive tractions with minimal disturbances to the surrounding
stress field is also presented. This methodology is described here in detail and demonstrated in the
commercial finite element software LS-Dyna. Finally, it is validated against experimental data from the
existing literature.

1 Introduction

Different strategies for modelling the discontinuity which results from fracture have been developed over
recent years. The concept of minimal remeshing has been tried by various authors with the addition of
other features such as introduction of cohesive cracks [1], modelling of discontinuities using the phantom
nodes, Phantom Node Method (PNM) [2] and the study of overlapping cohesive segments [3]. All the
techniques vary in the choice of element formulation, type of solver and nature of the cohesive law.

The simplified cohesive segment method [4], presents the concept of minimal remeshing such that it
can be applied easily via commercial solvers and it was originally developed for matrix cracking by
splitting the elements.

In order to have the capability of initiating multiple delamination paths in thick composite laminates, a
simple technique to model the displacement discontinuity is required. This technique should be efficient
enough to be applicable in full-size simulations of impact events involving aero-engine components. The
current work is aimed at using solid elements to the laminate, either with ply-level or sub-laminate level
discretisation with an explicit time integration.

This paper discusses the general method of Adaptive Mesh Segmentation along with novel approaches
for solving known issues around the initiation of cohesive segments while the analysis is being
performed, namely (i) the criterion to initiate cohesive segments, and (ii) the detailed mapping of stresses
from bulk element to cohesive segments at the time of initiation.

The initiation of cohesive segments is equivalent to introduction of a step function, and any errors
introduced when projecting (or re-mapping) field variables will cause sudden local force imbalances
which in explicit solutions manifest themselves as high-frequency oscillations.

In the past, authors have proposed to smear these residuals over arbitrary numbers of cycles to avoid
the oscillations caused by crack extension [5]. However, these methods aim at damping down these
oscillations as opposed to minimising the residuals which generate these in the first place.
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2 Adaptive Mesh Segmentation

This section describes the modelling of displacement discontinuities using Adaptive Mesh Segmentation
(AMS), which is the framework used here to introduce cohesive behaviour within continuum meshes
“on-the-fly', according to physically-based criteria and without direct user intervention.

2.1 Segmentation Procedure

Consider the element configuration shown in Figure 1. Let u and u’ denote the global and local
displacement vectors respectively. Let ts be the time at which segmentation is initiated. Before the
segmentation, the total number of nodes remains the same as the initial configuration (at time t = 0). Let
n be the total number of nodes in the initial configuration, i.e. the ‘parent nodes’. The displacement
vectors of the element can be obtained by scattering global vectors into the corresponding location of
each new element vector, i.e.

Global displacement vector = [uy, uy, .., u;,]7 t < tg (1)
Displacement vector of Element 1 = [uj, u},.., ug]” or [uy, up, us, uy, us, g, uy, ug)” (2)
Displacement vector of Element 2 = [uj, u},.., ug]” or [us, ug, Uy, ug, Ug, Ugg, Upq, Urz]" (3)

At time t > ts, in order to initiate the split new nodes are initiated (‘'segmentation nodes'). It should be
noted that segmentation nodes are initiated only at the location of existing parent nodes. The
segmentation can be performed in such a way that all elements in the mesh can be split relative to each
other, but only along the boundaries of these elements.

This method gives the following advantages, namely:

Since the crack does not pass through the element, the element volume (and hence its Courant
critical time step) are not affected by cohesive segmentation;

The stress mapping after the split from the parent element to the newly formed element containing
cohesive segment is less complex with this approach and introduces smaller errors in the solution;
Since the crack does not pass through the integration points of element, further complexity is
avoided. The problem of orienting the crack path has been discussed by other authors [4].

Segmentation nodes, marked in red in Figure 2, are initiated upon reaching a “segmentation initiation
criterion. This involves re-defining the local mass matrix and ensuring that the stress tensor is
compatible with the surrounding stress field so that disturbances are minimised.

Segmentation nodes form a segmentation vector (i.e. a plane defined by four points), which together
with the global displacement vector models the discontinuities in displacement. At t > ts, the
segmentation and global displacement vectors for the example shown in Figure 2 would be,

Global displacement vector = [uy,u,,..,u,]"; (4)
Segmentation vector = [u,, up, uc, ugl”; (5)
Displacement vector of Element 1 = [uy, Uy, Uz, Uy, Us, Ug, Uy, Ug]T; (6)
Displacement vector of Element 2 = [ug, up, Ug, Ug, Ug, Uqg, Ug 1, Ugz] " - (7)

This framework is implemented in in the commercial software LS-Dyna through a series of user-defined
element subroutines. All parent nodes are updated by LS-Dyna using the internal force vector calculated
by the user subroutine. The time integration for segmentation nodes, once they are initiated, are done
completely within the user subroutine.
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Fig.1: Node numbering before segmentation (t <ts); (a) global numbering and (b) local numbering. The
scattering operation is based on equations (1)-(3)
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Fig.2: Nodes after segmentation (t > ts); (a) global numbering and (b) local nhumbering. The red
rhombus represents the segmentation nodes. At the time of initiation, segmentation nodes are
initiated from the location of parent nodes. The scattering operation is di
erent from Figure 1 and is based on equations (4)-(7).

2.2 Segmentation Initiation Criterion

A simple approach to initiate cohesive segments is to use the quadratic damage initiation criterion. The
tractions required in this criterion can be obtained from stresses in the bulk element. However, this
approach results in considerable residuals primarily due to space discretisation errors and the lack of
intra-element stress continuity in standard Finite Element solutions.

The proposed segmentation initiation criterion uses nodal forces and the area of cohesive segment to
calculate the traction in the cohesive element. This traction will then be used to initiate cohesive
segments with the exact cohesive tractions required to satisfy the momentum equation locally within the
current time step.
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Let f1, f2, f3 be the nodal forces of each node in the bulk element obtained from internal force calculation
(1,2 and 3 correspond to local direction).

The equivalent cohesive tractions can be calculated by using the forces in the bulk element by,

f3 fa
T = —, T = —= and t =
33 Acoh ) 23 Acoh ) 13

51
Acoh

(8)

where, Acon is the area of the cohesive element per integration point. It is called equivalent cohesive
traction to differentiate the cohesive traction obtained from cohesive element and the one used to check
segmentation initiation.

The current work uses bilinear cohesive law developed at University of Bristol [6]. A history variable for
damage is used such that the damage at a given time t, is the maximum value observed throughout the
integration point's history.

Upon segmentation, cohesive integration points will have non-zero tractions. Physically, maximum
traction across the crack surfaces must be achieved when the crack is initiated. To achieve this, the
cohesive law is translated along the displacement direction such that the maximum traction is achieved
for zero displacement across the crack surfaces [7]. However, mapping this traction is not a trivial
problem, as discussed next in the section.

2.3 Errors Involved in the Initiation of Cohesive Segments

Consider a configuration where the cohesive segments are not initiated such that the discrete
momentum equation is described only with parent nodes at time t. For all the nodes, n, in the domain Q
at time t,

Ma®! = fext _ fint _ fdamp ( 9 )
where fext, fint gnd fdamp corresponds to external global force vector, internal global force vector and
damping forces of the nodes. Since lumped mass matrix is used, the equations can be solved directly.
In the current problem, the boundary conditions are imposed as Dirichlet boundary conditions and no
damping is given to the solver. So, the equation simplifies to,

Ma®" = —fint (10)

Before the crack is initiated, the sum of forces at the internal nodes will be zero such that fi"t = 0. Let
ahew be the acceleration of nodes that are initiated due to the formation of cohesive segments. At time
t + At, cohesive segments are initiated such that the acceleration of the new nodes can be written as,

Maje, = —f™ 4 foon (11)
The segmentation error is defined as,
ferror —  _ fint + fcoh (12)

2.4 Initiation Based on Nodal Forces
The equation for cohesive force with 7,4 IS given by,
fCOh = fg fT] NTq)TTinitial IdﬂdE ( 13 )

Acoh = fg fﬂ NT(DT ]dTldE ( 14 )

where t;,;:41 Fepresents the initial traction to be calculated using the proposed approach, N is the shape
function matrix, @ is the mapping from global to local coordinates and J is the area per integration
point.

At the time of initiation, the nodal coordinates of cohesive segments are same as continuum element
and it is possible to calculate A.,,. The internal nodal force vector corresponding to the location where
additional nodes are inserted is fi,jtial-
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Since we must get equal and opposite force to continuum element at the time of initiation, fcoP
is replaced by — fi,;:a1 in €quation (11).

The required traction in the cohesive element is given by,

_ -1
Tinitial = — Acoh finitial ( 15 )

This traction is converted to displacement jump and passed to cohesive law. This method will give
cohesive force that are equal and opposite to continuum element such that the error norm is zero.

Using penalty stiffness K and assuming that the integration point has not reached the initiation stress in
cohesive law, T;,;:;; €an be converted to displacement jump given by,

[[uﬂo = %Tinitial ( 16 )

Following the initiation, cohesive forces can be calculated. The time integration is performed for parent
nodes and segmentation nodes using the nodal forces from bulk element and cohesive segment. This
is where LS-Dyna Explicit solver and user defined solver work in parallel. All the parent nodes are solved
by LS-Dyna whereas the segmentation nodes are solved with a user defined solver.

3 Results and Discussion

Benchmark cases are demonstrated using Double Cantilever Beam (DCB), End-Notch Flexure (ENF)
and Fixed Ratio Mixed Mode (FRMM) specimens. The specimen dimensions and material properties
are taken from the existing literature [8]. For all the cases present here, experimental results are
available in the literature. However, only the analytical solution is compared to show the correlation in a
clear way.

For all the cases shown here, mesh size of 0.25 mm was used. Even though the fracture process zone
of different specimen varies, the mesh size was kept the same to get the close approximation of elastic
stiffness. The time step for all the specimen was in the order of 10-¢ s. The density of the material is in
the order of 10-°tonne/mm3. In all the benchmark cases shown, one element of size 0.25 mm was used
in the width direction.
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Fig.3: Dimensions of different specimens used to demonstrate segmentation
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Table 1: Material parameters for HTA6376/C used in benchmark cases

Ei Fa =FEsz Gpp=0G Gog Vg = 113 o3
(GPa) (GPa) (GPa) (GPa)

120 10.5 5.25 3.48 0.3 0.51
Gre Gric T s 011 e K Ky
(N,/mm) (N/mm) (MPa) (MPa) N /mm® l\';’mm‘n’
0.26 1.002 30.0 60.0 10° 10°

3.1 DCB

Stable initiation can be observed throughout the undamaged response portion of the load-displacement
curve as shown in Fig 4. Damping is not given to the solver and it introduces oscillations in the damaged
response. A good correlation can be seen during the initiation and propagation. In the absence of
segmentation initiation criterion and initiation based on nodal forces, oscillations will manifest from the
time segmentation is initiated.
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Fig.4: Comparison of DCB load-displacement curves obtained with AMS against analytic solution

3.2 ENF

ENF is one of the challenging tests to perform. The specimen includes the presence of point loads which
induces compression and the initial split length of 35 mm must be resisted against penetration. The
initial split length of 35 mm is also modelled with cohesive segments. The cohesive segments are used
to resist the penetration.
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Fig.5: Comparison of ENF load-displacement curves obtained with AMS against analytic solution
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Fig.6: Comparison of FRMM load-displacement curves obtained with AMS against analytic solution
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4 Conclusion

A method for adaptively segmenting the mesh locally to capture multiple delamination paths has been
presented. It uses solid elements and explicit time integration. This method is being developed to handle
loading cases such as impact and not just restricted to quasi static loading. So, the errors involved in
initiating cohesive segments has been given requisite importance. If they are unchecked in benchmark
cases presented here, the manifestation of errors will be high in extreme loading events. Also, Adaptive
Mesh Segmentation is also implemented in commercial software LS-Dyna which allows the applicability
of this method towards wider range of problems.

This method is specifically tailored to delamination as the crack path is restricted to element boundary.
This restriction reduces the problem of stress mapping from bulk element to cohesive element. Also,
stable time increment used in explicit analysis does not drop as the segmentation does not pass through
the element.
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