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Abstract

The aim of the present study is to investigate Hehaviour of high-performance
polypropylene based composites, such as Dyneemd®»dract the response under tension,
compression and shear.

An energy-based approach to model the observedvimirais presented. The proposed
model is mesh-size independent by ensuring thanhtheémum element size does not exceed a
computed value. Alternatively, the softening cuiseadjusted such that the energy
equivalence is maintained.

A damage index is formulated to degrade materiffhstss in each direction and also taking
into account permanent plastic deformation undesile loading. Compressive behaviour is
accounted for by a simplified elastic-plastic resgp® while shear deformation is
characterised by a cubic stress-strain response.

The proposed formulation will be implemented iroenmercial finite element package, such
as ABAQUS/Explicit, by means of a user-defined autbre (VUMAT) and used to model
extreme loading events on Dyneema® panels undalised and global blast loading.

1 Introduction

Materials subjected to extreme loading, such ast,bldll invariably undergo damage. In the
case of laminated composite materials, the intiaturrence of damage does not lead to
ultimate failure, but a progressive build-up ofdad material strength and stiffness occurs as
a result of various damage mechanisms which arguenito such materials, such as
delamination between plies, debonding between #ime matrix and failure of the individual
constituents, viz., fibore and matrix.

The use of composites for protection against sel@mds is becoming more relevant as
designers and users seek lighter protection systesnsconventional ones, such as steel. The
range of composite materials used for the purpasebinoadened from the traditional carbon
and glass fibre systems to new high performancgnpaiic materials, such as aramids,
polypropylene and polyethylene fibres.
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1.3 Scope of current study

The aim of the present work is to develop the fraor& for a constitutive model especially

for novel composites, such as those utilising hpgiformance polyethylene fibres, which

model is capable of capturing the progressive natdamage under load by means of an
energy-based method which is mesh-objective.

2 High perfor mance polyethylene composites

Dyneema® is the trade name of a variety of ultghhmolecular weight polyethylene spun
using a process called gel spinning patented byDilteh company DSM in 1979 and long
marketed as “the world’s strongest fibre”, claimedbe 10 times stronger than steel and 50%
stronger than aramid fibre, on a weight-to-weighasib [1]. It is extremely light (the specific
gravity of Dyneema® is 0.97) and the tensile stiienvgries from 1400 to 3000 MPa [2].
Tests have been carried out on 250x25x5mm Dyneeuma@®irectional composite samples
[3] to determine its tensile, compressive and speaperties under monotonically increasing
loading and cyclic loading.

2.1 Tensile behaviour

The tensile behaviour, as seen in Figure 1, isntisdlg linearly elastic with an initial
modulus of almost 13 GPa until a yield strain opraximately 3.75%, after which softening
occurs until a failure strain of approximately 8.53
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Figure 1. Tensile loading of Dyneema® sample [3]

2.2 Compressive behaviour

The compressive behaviour shown in Figure 2 hasndially linear elastic stress-strain
response with a modulus of 1.25 GPa until a stofs8 MPa, followed by a long plastic
plateau [3]. The peak before the plateau is prgldie to the fibre micro-kinking [3, 4].

Figure 2. Compressive loading of Dyneema® sample [3]
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2.3 Shear behaviour
The shear response of Dyneema® is highly non-liresarseen in Figure 3 and a cubic
function is fitted to the test data of the form:

t=Ay3 +By?+Cy (1)

whereA=1120.77 MPaB=-580.42 MPa an@=109.61 MPa [3].
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Figure 3. Shear loading of Dyneema® sample [3]

This complex combination of tensile, compressivd ahear response has been successfully
implemented in a finite element commercial softwhyelannucci and Pope [4], who have
utilised the work of Cunniff [5] which is based dibre properties and thus links the
mesoscale behaviour of the fibres with the maciledmshaviour of the laminate.

3 Damage mechanics

Modeling damage in composites can be implementediiious ways and a comprehensive
review of damage mechanics theories can be fouf@].inSuch theories usually make use of
a damage index, whose value varies between 0 gadhdre 0 indicates intact, undamaged
material and 1 indicates a fully failed materialyhe damage index is multiplied with the
material properties in the relevant material cdunstie laws (e.g. modulii, Poisson’s ratios)
and one can include either a single damage indegpgresent multiple damage effects or a
series of damage indices for each respective damagbhanism.

The progressive failure is typically done on a mdewrel by using a smeared crack approach.
This assumes a strain-softening constitutive laenided to capture the reduction in stiffness
which occurs once a specified stress (or strawglleas been attained.

The method was first developed for concrete by Baaad Oh [7] in 1983, extending the
work of Hillerborg et al. [8] of 1976. The fundamal principle is to relate the specific
energy.gys, i.e., the energy dissipated per unit volume gilggrthe area under a stress-strain
curve, with the material’s fracture energy, i.e., the energy dissipated per unit area, which
depends on the fracture mode being considered (indider 111).

The apparent arising difficulty is that the respoisshighly sensitive to the mesh size. This is
due to the fact that, during the softening procasshe stress reduces to zero, the constitutive
model must still dissipate energy per unit volunggia to the area below the stress-strain
curve, implying that, as the material degrades q@sgjvely, the softening is concentrated into
a single element region [9, 10, 11].

With reference to Figure 4 below, the total speagfinergy Er, is made up of 2 parts, viz., the
elastic partf,, and the inelastic (or propagation) pai;
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Ef = E, +E, (2)
where
1
Ee == 50-080 (3)
and
1
Ep == E O(Sf - 80) (4)
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Figure 4. Bi-linear stress-strain as a function of elemerg gafter [10])
The specific energy is given by:
& 1
gr=J,Sode = S 00y (5)
Definingl, as the characteristic length defined by:

(6)

A
l.=-
R /

whereA is the (finite) element area ands the (finite) element’s maximum length, then the
total fracture energy is written in terms of thedfic energy as:

1
Gf = gflc = EO’()EflC (7)

From equations (3), (4) and (7), an upper limittfae characteristic length is obtained as [11]:

I, < (8)

Ooéo
If A, is the fracture area aflis the (finite) element volume, then:
(Ee + Ep)‘/;a = GfAe 9)

The elastic portion from equation (3) is unalteeablt, for energy equality with the fracture
energy (which is a material property), then thetesohg portion of the stress-strain curve
(equation 4) should be elongated or contractedrdoap to the element size such that the
energy balance is maintained:
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A corollary would be to find the maximum elemertgesivhich can be used such that this will
ensure that the energy equivalence is not violat€dr finite element meshes of square
geometry, then from equation (6) and (8), it iglewt that the maximum element size is equal
to the characteristic length.

4 Derivation of a mesh-objective elastic-plastic constitutive model

The aim is to set up the framework for a constitutmodel for a typical Dyneema®
composite having fibres in 2 directions. In thamstitutive model, it is assumed that there is
no coupling between failure in each of these dioest The stiffness in each respective
direction can be obtained on the basis of the film@dulus only, since most Dyneema®
composites are resin-poor systems and responsessyndominated by the fibres [4]. The
modulus for each direction is then obtained usisggle rule of mixtures, e.g., for a simple
0/90 UD cross-ply composite, then the modulii woloéd

where V; is the fibre volume fractiong; is the fibre modulus and; are the respective
direction damage indices.

4.1 Tensile behaviour

For each of the 2 directions, linear elastic logdsinitially assumed until a failure initiation
(yield) stress, after which the response followesgbftening part of the curve, as per Figure 5,
until the damage parameter reaches a value of whioh case total failure is indicated and
the (finite) element is deleted.

If unloading occurs prior to the complete failutieen the unloading curve is assumed not to
be directly to the origin but offset to give a pament (plastic) strain. The magnitude of this
offset is determined by material cyclic loadingses
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Figure5. Tensile stress-strain behaviour

The evolution of the damage parameter from 0 ®dbtained by geometrical considerations
of Figure 5 and is given by:

_ 4 (&t £o
a=1- () () (12
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Equation (12) can be readily implemented in a dinielement package, such as
ABAQUS/Explicit by means of a user-defined matesabroutine (VUMAT) by expressing
it in incremental form as:

Ad; = (L= o )ag; (13)
(=) ()

er =20 ) \[ep1—zii]*

4.2 Compressive behaviour

As suggested by test data and in existing liteea{® 4], the compressive response for
Dyneema® can be assumed to be elastic-perfectfiplavith an unloading curve parallel to
the initial modulus to give rise to permanent (p@strains:
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Figure 6. Compressive stress-strain behaviour

4.3 Shear behaviour
Finally, the non-linear shear behaviour is modeldéth the response according to equation
(1), with unloading following a damaged slope, d¢stent with test data, as per Figure 7:
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Figure 7. Shear stress-strain behaviour

5 Conclusions and future work

In this paper, an energy-based approach to modebliiserved behaviour of polypropylene-
based composites is presented. The proposed nmdeésh-size independent either by
ensuring that the maximum (finite) element sizesdoet exceed a computed value, based on
a characteristic value or by adjusting the softgraarve such that the energy equivalence is
maintained.

Damage accumulation in tension is captured by meéres damage index for each of the
composite material’s directions while also takingpiaccount permanent plastic deformation.
Compressive behaviour is accounted for by a simegliElastic-plastic response while shear
deformation is characterised by a cubic stressastegponse.
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The formulation will now be implemented in ABAQUSilicit by means of a user-defined

material subroutine (VUMAT), with the equations tigh in rate form to update the stress
incrementally. The material model will then betéglsby correlating the numerical results
with test data on small-scale panels loaded urdadised and global blast.
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