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Abstract The paper summarises recent progress on

materials modelling and numerical simulation of soft body

impact damage in fibre reinforced composite aircraft

structures. The work is based on the application of finite

element (FE) analysis codes to simulate damage in com-

posite shell structures under impact loads. Composites ply

damage models and interply delamination models have

been developed and implemented in commercial explicit

FE codes. Models are discussed for predicting impact loads

on aircraft structures arising from deformable soft bodies

such as gelatine (synthetic bird) and ice (hailstone). The

composites failure models and code developments are

briefly summarised and applied in the paper to numerical

simulation of synthetic bird impact on idealised composite

aircraft structures.

Introduction

The paper reviews recent progress on materials modelling

and numerical simulation of soft body impact on fibre

reinforced composite structures. To reduce certification and

development costs, computational methods are required by

the aircraft industry able to predict structural integrity of

composite structures under high velocity impacts from

soft or deformable bodies such as birds, hailstones and

tyre rubber. Key issues are the development of suitable

constitutive laws for modelling composites in-ply and

delamination failures, determination of composites

parameters from high rate materials tests, materials laws

for soft body impactors, and the efficient implementation

of the materials models into FE codes. These problems

involve both multi-scale and multi-physics modelling

techniques which are discussed in the paper. The multi-

scale aspects arise because impact damage is localised and

requires fine scale modelling of delamination and ply

damage at the micromechanics level, whilst the structural

length scale is much larger. The multi-physics aspects arise

in fluid-structure interactions when soft bodies such as

gelatine (substitute bird) or ice (hailstones) flow exten-

sively on impact with the structure and require fluid

modelling techniques.

The work is based on the application of explicit FE

codes to simulate composite shell structures under high

velocity impact. Improved composites ply damage and

interply delamination models have been developed based

on a continuum damage mechanics (CDM) formulation

from Ladevèze and his co-workers [1] and implemented in

a commercial explicit FE code [2]. The CDM ply failure

model uses three scalar damage parameters representing

modulus reductions under different loading conditions due

to microdamage in the ply, and the delamination model

requires two interface fracture energy parameters. The

paper summarises the CDM failure models for composites,

discusses how damage parameters are determined from

measured damage evolution laws and then describes recent

work on impact simulation of damage to composite struc-

tures from soft deformable impactors. Soft body projectiles

such as gelatine or ice are highly deformable and flow on

impact, spreading the impact load and causing a pressure

pulse in the structure. Modelling techniques are described

based on an elastic–plastic materials law with equation of
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state [3], combined with a discrete element particle mesh

which replaces the highly distorted solid elements. The

code developments are applied in the paper to a design

study for a novel composite wing leading edge (LE) con-

cept structure, in which a high tenacity polyethylene fibre

fabric (Dyneema) membrane is laminated into the carbon/

epoxy LE shell. Simulation results show that on bird im-

pact the carbon/epoxy plies fracture whilst the PE fabric

ply undergoes large membrane deformations, which pre-

vent penetration by the bird and absorb a significant part of

the bird kinetic energy in agreement with structural tests.

This LE concept demonstrates the feasibility of hybrid

composite laminate architectures designed with dual

functions of high stiffness and enhanced impact resistance.

The FE modelling studies of the complex damage behav-

iour shows the potential of simulation tools for future

application in design concept studies for novel composites

aircraft structures subjected to severe loads.

Damage modelling in composite laminates

Polymer composites exhibit a range of failure modes: matrix

cracking, transverse ply cracks, fibre fracture, fibre pull-out,

microbuckling, interply delamination etc, which are initi-

ated at the micro level and can be modelled by micro-

mechanics techniques at length scales governed by fibre

diameters. The length scale for aircraft structural analysis is

in metres, with shell element size for crash or impact sim-

ulations in FE analyses measured in cms. Meso-scale

models based on continuum damage mechanics are the link

in the FE code between composites micro- and macroscales.

CDM provides a framework within which in-ply and

delamination failures may be modelled. In the work des-

cribed here the composite laminate is modelled by layered

shell elements or stacked shells with a cohesive interface

which may fail by delamination. The shells are composed of

composite plies which are modelled as a homogeneous

orthotropic elastic or elastic–plastic damaging material

whose properties are degraded on loading by microcracking

prior to ultimate failure. In its present form, the model

assumes that intraply damage acts independently from

interply damage hence the ply and delamination models are

described separately here. Micromechanics studies now

show that delamination in UD composites is initiated by ply

cracking. However, the general CDM formulation is general

enough for coupling between ply damage and delamination

parameters to be included in future developments.

Elastic ply damage mechanics model

A CDM formulation is used in which ply degradation

parameters are internal state variables which are governed

by damage evolution equations. Constitutive laws for

orthotropic elastic materials with internal damage param-

eters are described in [1], and take the general form

ee ¼ Sr; ð1Þ

where r and ee are vectors of stress and elastic strain, and S

is the elastic compliance matrix. For shell elements a plane

stress formulation with orthotropic symmetry axes (x1, x2)

is required. The in-plane stress and strain components are

r ¼ ðr11; r22; r12ÞT ee ¼ ðee
11; e

e
22; 2ee

12Þ
T : ð2Þ

Using a strain equivalent damage mechanics formula-

tion, the elastic compliance matrix S may then be written:

S ¼
1=E1ð1� d1Þ �m12=E1 0

�m12=E1 1=E2ð1� d2Þ 0

0 0 1=G12ð1� d12Þ

0
@

1
A:

ð3Þ

The compliance matrix has three scalar damage

parameters d1, d2, d12 and four initial or ‘‘undamaged’’

elastic constants: the Young’s moduli in the principal

orthotropy directions E1, E2, the in-plane shear modulus

G12, and the principal Poisson’s ratio m12. The damage

parameters d1, d2, d12 have values 0£ di < 1 and represent

modulus reductions under different loading conditions due

to microdamage in the material. For UD plies d1 and d2 are

associated with damage or failure in fibre longitudinal and

transverse directions, for fabric plies in the principal fibre

directions, and d12 controls in-plane shear damage. In the

general damage mechanics formulation ‘‘conjugate for-

ces’’ or damage energy release rates Y1, Y2, Y12 are intro-

duced corresponding to ‘‘driving’’ mechanisms for

materials damage, and it is shown that with the compliance

matrix (3) they take the form:

Y1 ¼ r2
11=ð2E1ð1� d1Þ2Þ;

Y2 ¼ r2
22=ð2E2ð1� d2Þ2Þ;

Y12 ¼ r2
12=ð2G12ð1� d12Þ2Þ: ð4Þ

The ply model is completed by assuming damage

evolution equations in which the three ply damage

parameters d1, d2, d12 are functions of Y1, Y2, Y12. Specific

forms for these functions are postulated based on study of

ply specimen test data. The formulation of the damage

evolution equations in the Ladevèze CDM models is

physically based and allows generalisations to include

features such as shear plasticity and rate dependence. Test

data on unidirectional (UD) carbon fibre reinforced epoxy

presented in [4] show that damage evolution equations for

the transverse and shear damage d2, d12 are coupled
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through a linear dependence on �(Y2) and �(Y12). Test data

on carbon and glass fabric/epoxy materials [5] lead to

damage evolution equations in which fibre tension/com-

pression damage parameters d1, d2 are elastic damaging

and linear in �(Y1) and �(Y2), respectively, but decoupled

from elastic/plastic ply shear damage in which d12 is a

nonlinear function of �(Y12). Note that the further exten-

sion of the ply damage model (1)–(3) to include an irre-

versible plastic damage component is discussed further in

[2, 4].

These ply damage models are available as global ply

failure models in the explicit commercial FE code PAM-

CRASHTM [6]. In addition the code has alternative

‘‘bi-phase ply models’’ which are meso-scale damage

models, in which the ply stiffness and strength are calcu-

lated by superimposing the effects of an orthotropic matrix

and one or more fibre phases, each with its own damage

function d. The compliance matrix again has the form (1)

with the simplifying assumption that the orthotropic matrix

phase has a single damage function acting on the stiffness

constants which is assumed to be a function of the second

strain invariant eII, or the effective shear strain. A bi-linear

damage evolution equation is assumed for d ðeIIÞ after an

initial elastic behaviour is exceeded. The fibre damage

parameter is superimposed in the fibre directions to allow

for fibre dominated failure mechanisms, where d ðefÞ is a

function of fibre strain ef . The PAM-CRASHTM FE code

contains bilinear 4-node quadrilateral isoparametric shell

elements with uniform reduced integration in bending and

shear. A Mindlin–Reissner shell formulation is used with a

layered shell description to model a composite ply, a su-

blaminate or the complete laminate. In the composite lay-

ered shell element the stiffness properties of the plies are

degraded, as defined by the ply model being used, until

eventually a damaged shell element is eliminated from the

computation when a chosen composites failure criterion

such as maximum stress, maximum strain, effective shear

strain, etc reaches a pre-defined critical value.

Delamination model

Delamination failures occur in composite structures under

impact loads due to local contact forces in critical regions

of load introduction and at free edges. They are caused by

the low, resin dominated, through-thickness shear and

tensile properties found in laminated structures. In com-

posites delamination models [7], the thin solid interface is

modelled as a sheet of zero thickness, across which there is

continuity of surface tractions but jumps in displacements.

The equations of the model are given here for the case of

mode I tensile failure at an interface. Let r33 be the tensile

stress applied at the interface, u3 the displacement across

the interface, and k3 the tensile stiffness. Following [8] an

elastic damaging interface stress–displacement model is

assumed:

r33 ¼ k3ð1� d3Þu3;

d3 ¼ c1ð1� u30=u3Þ; for u30 � u3 � u3m; ð5Þ

with tensile damage parameter d3, and c1=u3m/(u3m–u30). It

can be verified that with this particular choice of damage

function d3, the stress–displacement function has the tri-

angular form shown in Fig. 1, and u30, u3m correspond to

the displacement at the peak stress r33m and at ultimate

failure. The damage evolution constants are defined in

terms of r33m and GIC, the critical fracture energy under

mode I interface fracture, by u30 ¼ r33m=k3 and

u3m ¼ 2GIC=r33m. From these expressions it can be shown

that the area under the curve in Fig. 1 is equal to the

fracture energy GIC. This interface model therefore repre-

sents an initially elastic interface, which is progressively

degraded after reaching a maximum tensile failure stress

r33m so that the mode I fracture energy is fully absorbed at

separation. For mode I interply failure the interface energy

GI, defined as

GI ¼
Zu3

0

r33du3; ð6Þ

is monitored and, if this is found to exceed the critical

fracture energy value GIC, then the crack is advanced. For

mode II interface shear fracture a similar damage interface

law to (5) is assumed, with equivalent set of damage

constants, u130, u13m and critical fracture energy GIIC. In

general there will be some form of mixed mode delami-

nation failure involving both shear and tensile failure. This

is incorporated in the model by assuming a mixed mode

failure condition, which for mode I/mode II coupling could

be represented by an interface failure envelope:

GI

G IC

� �n

þ GII

GIIC

� �n

¼ eD \ 1; ð7Þ

u3m
Displacement

GIC

u3O

unload/
reload

33m

Stress

s

Fig. 1 Idealised mode I interface stress–displacement function
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where GI and GII are the monitored interface strain

energy in modes 1 and 2, respectively, GIC and GIIC are the

corresponding critical fracture energies and the constant n

is chosen to fit the mixed mode fracture test data.

Typically n is found to between 1 and 2. Failure at the

interface is imposed by degrading stresses when eD < 1.

When eD‡ 1 in (7) there is delamination and the interface

separates.

The delamination model is implemented in the PAM-

CRASHTM code, with the laminate modelled as a stack of

shell elements. Each ply or sublaminate ply group is rep-

resented by a shell element and the individual sublaminate

shells are connected together using a contact interface with

an interface traction–displacement law. The interface is a

contact constraint not an interface element in which a

penalty force procedure is used to compute contact forces

between adjacent shells. Contact may be broken when the

interface energy dissipated reaches the mixed mode

delamination energy criteria (7). This ‘‘stacked shell’’

approach is an efficient way of modelling delamination,

with the advantage that the critical integration timestep is

relatively large since it depends on the area size of the shell

elements not on the interply thickness.

Modelling impact behaviour of soft body impactors

Most reported research on impact in composite structures

concentrates on impact damage modelling from rigid body

projectiles. However, soft body projectiles such as gelatine

or ice are highly deformable on impact and flow, spreading

the impact load and causing a pressure pulse in the struc-

ture. For reliable damage prediction in composite structures

it is thus necessary to extend modelling techniques and

derive appropriate data for these deformable projectiles. Ice

impact in composite plates has been studied both experi-

mentally and theoretically by Kim and Kedward [9]. They

used an elastic–plastic ice model with solid finite elements

for the ice projectiles. However, solid elements were found

to be unsuitable in the current work on bird and gelatine

impacts due to excessive element distortion which led to

numerical instabilities. In [3] it is described how these soft

projectiles are modelled by an alternative smooth particle

hydrodynamic (SPH) method, in which the FE mesh is re-

placed by interacting discrete particles. Data from pressure

pulses measured during gelatine and ice impact on rigid

plates are used to determine parameters for the material

equation of state for use with the SPH method.

Materials law and EOS for impactor

In order to use the SPH method for soft body impact

simulations a constitutive law is required with suitable

materials parameters. A number of materials constitutive

laws have been implemented in the PAM-SHOCK SPH

solver [6], mainly suitable for materials such as metals and

explosives used in ballistic impact and hypervelocity

impact conditions. None of which are directly relevant to

the gelatine and ice impactor materials of interest here. One

model currently available in PAM-SHOCK is referred to as

an ‘‘elastic–plastic hydrodynamic solid’’ and was originally

developed for ballistic impact in metals, which behave as

isotropic elastic–plastic materials at low pressures, with an

equation of state (EOS) describing the ‘‘hydrodynamic’’

pressure–volume shock behaviour at high pressures. The

application of this model for gelatine impactors was de-

scribed in [3], in which the elastic–plastic contribution to

the materials behaviour was neglected so that the model

reduced to the EOS. This simplification was valid because

gelatine has very low compression strength compared with

the impact pressures experienced, so that on impact the

material flows immediately with negligible elastic strain

energy or dissipated plastic work. This is not the case for

ice, since as shown in DLR tests [10] typical compression

strengths were in the range 2–10 MPa for ice and measured

peak contact pressures in the HVI tests are estimated in the

range 7–25 MPa. Thus the elastic–plastic contribution to

the constitutive law can no longer be neglected.

The assumed materials law has the following form,

where r is the stress tensor and e the total strain tensor,

assumed to be made up of elastic and plastic components

e ¼ ee þ ep. In terms of the bulk modulus K and shear

modulus G, the initial isotropic elastic behaviour of the

material is described by:

r ¼ ðK � 2G=3Þðtr eeÞI þ 2Gee; ð8Þ

where I is the unit tensor. On introducing the deviatoric

stress s and the deviatoric strain e

s ¼ r� ð1=3ÞðtrrÞI; e ¼ e� ð1=3Þðtr eÞI; ð9Þ

eq. (8) may be decomposed into the deviatoric and dila-

tational components:

s ¼ 2Gee tr r ¼ 3K tr ee: ð10Þ

Outside the elastic domain a plastic strain hardening

function is defined as a relation between the effective

plastic stress r and effective plastic strain ep, defined as

r ¼ 3

2
tr s2

� �1=2

ep ¼
Z t

0

2

3
tr ð_epÞ2

� �1=2

: ð11Þ

The functional form of this relation may be determined

from tensile stress-strain data and is usually monotonic
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increasing, up to fracture. The input data for the model are

the elastic constants and a form for the plastic hardening

function. This is a standard elastic–plastic materials law,

which is valid at normal pressures. In this form the plastic

strain is purely deviatoric, and the volume strain is purely

elastic, that is tr ep ¼ 0.

However under shock loading conditions, local pres-

sures may be high and the dilatational part of the constit-

utive equation is replaced by an equation of state (EOS) for

the pressure p, which is assumed in this case to have the

polynomial form:

p ¼ C0 þ C1lþ C2l
2 þ C3l

3; l ¼ q=q0 � 1; ð12Þ

where C0, C1, C2 and C3 are materials constants and l is a

dimensionless parameter defined in terms of the ratio of

current density q to initial density q0. In order to use the

SPH model for the ice and concrete impactors suitable

values are required for the constants Ci in the polynomial

EOS. Since these constants refer to the dynamic behaviour

of materials at impact pressures they are usually determined

from shock tube or flyer plate impact tests. As the DLR is

not able to measure them directly they were determined

indirectly from literature information and simulations.

It is useful to relate the EOS to the elastic materials law.

This follows using the definition of pressure p and com-

pressibility parameter l

p ¼ �ð1=3Þðtr rÞ l ¼ �tr e ¼ �tr ee; ð13Þ

which when substituted in (10)2 gives for the elastic dila-

tational equation:

r ¼ Kl: ð14Þ

It follows from comparison of (12) and (14) that for

elastic materials C0=0 is the equilibrium pressure, and that

C1=K, the elastic bulk modulus. Thus the EOS is a non-

linear generalisation of the dilatational part of the elastic

law (9), which is required at high pressures when the

material compressibility l is higher.

Data are now required on the additional materials

parameters C2 and C3 in (12). Wilbeck [11] measured

impact pressures of several soft body impactor materials,

including rubber, gelatine and chickens and found that

pressure pulses have a characteristic form which is not

very sensitive to the materials properties. This consists of

a short high pressure pulse caused by shock wave prop-

agation in the impactor, followed by a lower fairly con-

stant pressure due to steady flow of the impactor onto the

target. For many materials which exhibit the linear Hu-

goniot relation between shock velocity vS and particle

velocity vP:

vS ¼ c0 þ kvP; ð15Þ

where k is a materials constant and c0 the sound speed in

the material, Wilbeck shows that the pressure–density

relation across a shock has the general form

q0c2
0g=ð1� kgÞ2; where g ¼ 1� q0 q ¼ l=ð1þ lÞ: ð16Þ

On expanding (16) for small and moderate values of l it

was shown in [3] that this takes the form of the polynomial

EOS (12) with:

C0 ¼ 0; C1 ¼ q0c2
0;

C2 ¼ ð2k � 1ÞC1; C3 ¼ ðk � 1Þð3k � 1ÞC1: ð17Þ

It follows again that C1 is equal to the bulk modulus of

the impactor material, since C0 is the bulk wave velocity.

On assuming a linear shock Hugoniot relation, the data

required for the polynomial EOS reduce therefore to the

bulk modulus (or sound speed) and the Hugoniot gradient

parameter k. For the synthetic bird models discussed in [3]

shock data on water were used to give an estimate of k in

(17).

The procedure adopted here for the ice projectile models

is to make use of the quasi-static compression test data for

the ice elastic/plastic materials parameters, augmented by

literature data on these materials. An elastic/plastic hail-

stone impactor model is proposed in [9], where typical ice

data may also be found. The bulk moduli of ice can be

estimated fairly well from the measured compression

Young’s moduli. As a reasonable estimate the parameter k

determined from shock tests on water may be used as an

estimate for shock propagation in ice. This information is

used as the basis of the procedure to calibrate the SPH

model for ice a by finding suitable values of q0, c0 and k to

represent the EOS of ice which fit the impact pulse data

measured by the DLR in [10]. Note that in synthetic bird

models, only the EOS model is required since the elastic–

plastic contribution is negligible. Thus, calibration of the

model is simpler in this case than for solid impactors such

as ice.

Validation of soft body impactor models

Validation of the SPH synthetic bird gelatine model with

the EOS by simulation of measured gas gun impact pulses

on a rigid wall was presented in [3]. Here a similar pro-

cedure is used to validate an ice projectile model under

impact. A series of ice impact tests were carried out in

which ice cylinders were fired at speeds in the range

50–155 m/s onto a stiff metal plate mounted on a ring load
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cell, which measured the resultant normal impact force–

time response. Figure 2 shows the impact of an ice cylinder

length 45 mm, diameter 22 mm at 155 m/s on the load cell

target plate. An FE model was developed for the ring force

transducer, the circular aluminium target plate, with an

SPH mesh containing about 1,000 particles for the ice

cylinder. Figure 3 shows that the particle model simulates

well the fracture and flow behaviour of the ice over the

target plate on contact during high velocity impact. A

quantitative validation of the ice impactor model is

obtained by comparison of measured and predicted normal

force pulses on the load cell, as shown in Fig. 4. The test

data shown correspond to a 17 g ice projectile impacting

the plate at 155 m/s. It is seen that the pulse shapes are in

good agreement, with initial peak forces of about 18 kN

well predicted by the ice impactor model, although the

simulated pulse width was shorter than the test pulse. The

agreement is considered reasonably good as an initial basis

for structural impact simulations with ice impactors. Fur-

ther improvements to the ice constitutive law are required

to understand temperature effects, which influence the

elastic/plastic response quite significantly, and to include

correctly tensile brittle fractures which are not well rep-

resented in the current model.

FE simulation of soft body impact on composite

structures

Validation of the code developments with the composites

shell damage and delamination models for rigid impactors

and with the SPH soft body impactor models are reviewed

in [5]. For soft body impacts a gas gun test programme was

carried out at the DLR in which idealised composite shells,

typical of a wing leading edge (LE) profile, were tested

with gelatine cylinder projectiles with masses in the range

30–34 g at 132.5–198 m/s normal impact. At the higher

velocities there was extensive delamination in the struc-

tures and some fibre fracture at the contact region. FE

simulation results of the impact damage in these idealised

structures were presented in [3], using the CDM ply failure

models with delamination interfaces, and showed satis-

factory agreement with the observed impact damage. The

ice model described above has been used to simulate ice

impact damage in composite sandwich panels in the EU

CRAHVI project [12] and is currently being applied to

assess novel sandwich fuselage structures in an ongoing

DLR project with Airbus. Predictions with the model are

satisfactory but are not yet ready for publication. For high

velocity impacts quantitative load pulse data to compare

with simulated results are difficult to obtain, however

qualitatively there is good agreement with observed

deformations and damage conditions. Impact from soft

body impactors reduces the likelihood of local penetration

failure and fibre fracture seen in rigid projectile tests, hence

Fig. 2 Deformation and failure of ice cylinder projectile impacting

load cell at 97.2 m/s

Fig. 3 SPH model of ice projectile deformation during impact on

load cell (quarter model, M = 12 g, V0=150 m/s)

Fig. 4 FE simulation of ice projectile test—comparison of test and

simulated pulses
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energy absorption mechanisms due to delamination

become more important with impact energy stored as strain

energy in large shell bending deformations. Results have

shown that a simulation technique with an SPH impactor

model and shell or stacked shell structural models is very

promising for simulating soft body impacts in composite

structures.

In the EU CRAHVI project [12] the methods were thus

applied in a design study to evaluate a leading edge con-

cept structure under synthetic bird impact, which is now

summarised here. The objective was to evaluate design

concepts for a composite wing LE with improved energy

absorption under bird impact. In the tensor skin LE concept

developed by NLR and described in more detail in [13], the

skin structure contains loops of ductile composite plies

which are designed to unfold at bird impact to load the ribs

in-plane. The ribs then absorb bird strike energy, limiting

the impact load on the structure behind. Details of lay-up of

the fabricated structure NLR-LE-2 are listed in Table 1.

The LE composite shell laminate consists of three com-

posite sublaminates: the cover laminate as protective outer

skin in aramid fabric/epoxy; the carrying laminate, a load

bearing inner laminate of carbon/aramid hybrid fabric/

epoxy and the tensor laminate, an energy absorbing middle

laminate composed of folded Dyneema fabric/epoxy. In

addition there is a protective strip laminate at the rib/shell

connections. On impact the relatively brittle outer and in-

ner skins are designed to fracture and the bird is captured

by the tensor laminate which unfolds, making large

deformation and hence energy absorption possible, before

it is loaded to failure. Dyneema layers consist of fabric

plies made from high performance polyethylene fibres,

which have high tenacity and are used in ballistic protec-

tion devices. Dyneema/epoxy has lower stiffness and

strength but higher failure strains than carbon or glass

epoxy composites, which allows the tensor laminate to

unfold and absorb mechanical energy by large deformation

tension loads. NLR fabricated three such structures for bird

impact testing in the CRAHVI project. DLR bird impact

simulation studies described here were on the structure

NLR-LE-2 which was impact tested in a gas gun facility at

CEAT under conditions of normal impact with 1.8 kg

synthetic bird, between the ribs at 97.2 m/s, [13]. The

impact point was at the apex of the LE along the centre line

and impact direction was normal to the backing plate. The

test condition represents a typical landing speed of a

commuter aircraft when bird impacts are likely and where

the LE is required to absorb bird energy to prevent damage

to the wing spar.

Figure 5 shows the FE model developed for the bird

simulation on the LE structure. A detailed FE model with

the tensor skin laminate is used for the central shell impact

region of the LE between the two inner ribs. The complete

model has a length 850 mm and contains four ribs. The

main aim of the bird impact tests is to demonstrate the

tensor unfolding concept for increasing shell energy

absorption, so that rib deformation with additional energy

absorption was not considered desirable in the tests. Thus

the ribs in the test structures were fabricated from 10 mm

thick aluminium plates, and the end ribs were tied to the

base plate to prevent lateral movement. In the tests the ribs

behaved as rigid plates and were undamaged so that in the

model the ribs were assumed to be rigid bodies with the LE

shell laminate fixed at the points of contact with the curved

rib edges. The steel backing plate was modelled, with an

assumption that the LE is fixed at its longitudinal edges to

the steel plate, and that the four ribs are fixed to the backing

plate. The backing plate was mounted on a rectangular

steel box beam frame structure. Figure 5 also shows the

SPH model representing a 1.8 kg synthetic bird. For the

DLR bird model an impactor geometry was specified as a

solid cylinder with two hemispherical end caps, with cyl-

inder length 114 mm, diameter 114 mm, and end cap

radius 57 mm. A solid FE mesh was adopted for the

impactor which when converted to a particle mesh con-

sisted of 4,320 uniformly spaced particles in a quarter

model bird model. The polynomial EoS was used to

describe the behaviour of the gelatine material, with con-

stants Ci defined in (12).

Figure 6 shows details of the laminate FE stacked shell

model containing cover laminate, tensor laminate with

embedded loops, and carrying laminate, which is used for

the central impacted region of the LE between the inner

ribs. Note that NLR-LE-2 contains a three loop tensor

concept, as discussed in [13], and this can be seen in Fig. 6.

The cover laminate, tensor laminate and carrying laminate

are each modelled in PAM-CRASH as single layered shell

elements, which are connected through their thickness by

contact interfaces. These are shell-to-shell cohesive inter-

faces with failure. They allow a through-thickness tension/

Table 1 Lay-up of LE concept structure

Specimen Sublaminate Lay-up Laminate ID

NLR-LE-2 Dyneema SK65 fabric {[0]2}3 Tensor

Carbon/aramid hybrid prepreg [45, 0, 90, 0, 45] Carrying

Length: 850 mm Aramid/epoxy prepreg [45] Cover

Rib-pitch: 230 mm Aramid/epoxy prepreg [45]2 Protection-strip (width: 40 mm)
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shear failure condition to be defined which may be gov-

erned by the delamination failure criterion discussed above,

or by a simpler multiaxial fracture condition when the

interface fails allowing adjacent shells to separate. This

method permits separation between the cover, tensor and

carrying laminates, as well as separation within adjacent

elements in the folded tensor laminate. For the aramid

fabric cover laminate and carbon/aramid fabric carrying

laminate a layered shell Type 132 is used in PAM-CRASH,

together with the bi-phase fabric Ply 6 model discussed

above. The fabric ply model includes ply damage prior to

failure and allows for the re-orientation of fibres under

large in-plane shear deformations. A ‘‘hybrid’’ model for

the tensor laminate was used, in which elastic–plastic plies

are added to the brittle composite plies in an attempt to

bring ductility into the model of the tensor laminate. This

was necessary since DLR tests on Dyneema/epoxy lami-

nates showed high tenacity and an almost ductile failure at

high strains. The tensor laminate was modelled as a layered

shell Type 131 with both bi-phase composite plies (Ply 0)

and elastic/plastic plies (Ply 2). In this way it is possible to

model the observed ductility in the Dyneema/epoxy lami-

nate, allowing it to unfold without immediate fracture.

The high speed film from the CEAT gas gun test on the

LE structure [13] showed extensive damage and fracture in

the cover and carry plies with unfolding of the tensor. The

tensor ply was activated and unfolded absorbing the kinetic

energy of the penetrating parts of the bird. The bird flowed

partly around the LE and a significant bird mass was

trapped in the unfolded tensor ply, as seen in Fig. 7a. The

damaged LE structure after impact is shown in Fig. 8a with

a large conical indentation at the impact point having a

diameter about the same as the rib spacing, and a hole with

fractured fibres at the apex. The FE simulation results

agreed well with the observed failure behaviour in the test.

The SPH bird flows round the LE and also fractures the

cover ply and penetrates into the tensor laminate, as seen in

Fig. 7b. Note that this complex flow and separation

behaviour cannot be modelled by a bird model using solid

FE elements. Figure 8b shows the predicted damaged LE

after impact in the central region containing the tensor

laminate. Simulation results show clearly the damage and

element elimination of much of the cover ply, the unfold-

ing of the tensor ply and the large deformation and pene-

tration of the carry ply. Simulated damage in Fig. 8b

should be compared with the post-test photograph of the

LE from CEAT presented in Fig. 8a. Note that computed

displacement contours gave a maximum penetration of

about 60 mm, which agrees well with the observed dam-

age. More detailed comparisons of strain gauge data and

resultant force pulses on the backing frame structure were

carried out to further validate the simulation methodology.

Conclusions

The paper has described recent progress on materials

modelling and numerical simulation of soft body impact on

fibre reinforced composite structures. The work is based on

the application of explicit finite element (FE) analysis

codes to simulate composite shell structures under impact

from highly deformable soft impactors such as gelatine or

ice, which may flow over the structure spreading the

impact load. These soft impactors are modelled here by

the smooth particle hydrodynamic (SPH) method, in which

the FE mesh is replaced by interacting particles. It is very

difficult to measure the impactor properties under relevant

dynamic load conditions for use in the SPH model. The

method adopted was to calibrate the parameters required

for the EOS by simulating gelatine and ice impacts on rigid

targets and comparing geometrical flow characteristics and

pressure or force pulses observed with simulation results.

In high velocity impact of soft bodies on composite

structures both delamination and ply failures are found to be

important, depending on the impact energy levels. A com-

posites failure model which includes ply damage and in-

Fig. 5 FE model of LE test set-up

Fig. 6 Details of FE shell model for LE laminate with 3-loop tensor

ply
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terply delamination model has been developed and was

used here to predict impact damage in the shell structures.

Numerical simulations using the SPH impactor model with

the improved composites failure model have been com-

pared in earlier work with gelatine and ice impact test data

on composite shell structures and gave encouraging results.

Here the methods were applied to a concept study for a

novel LE concept structure designed for improved energy

absorption under bird impact. The failure behaviour of the

LE is based on unfolding and subsequent failure of a ductile

Dyneema/epoxy sublaminate within a more brittle carbon

and aramid/epoxy shell laminate. There was encouraging

qualitative and quantitative agreement between the gas gun

impact test and the FE simulations of the failure behaviour.

Simulation and test suggest that 100 m/s is a critical impact

velocity for this structure for a 1.82 kg synthetic bird. In

simulations at lower impact velocities of 80 m/s the bird

flowed over the LE and only minor damage occurred, whilst

at 100 m/s the LE structure was significantly damaged with

the tensor laminate unfolding to absorb bird kinetic energy

and prevent possible damage to the wing spar.

Results have shown that the simulation methodology

developed here with an SPH impactor model and shell or

stacked shell structural models is very promising for

simulating soft body impacts in composite structures.

Further work is required to improve composites damage

models by including effects of damage mode interactions

and rate dependence. Future developments which are

important in aircraft safety studies include improvements

to enhance the robustness of explicit FE codes, multiscale

methods to allow detailed local damage models to be

interfaced with larger scale models of aircraft structures,

and improved models of foreign objects such as birds,

hailstones, burst tyre fragments, and runway debris under

dynamic failure conditions.
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