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Abstract

In order to establish the survivability of a composite structure under a dynamic load, it is important to be able to
predict the damage incurred and the effect of the contact force. The damage caused by low velocity impact is often
hidden and for thicker plates the transverse stresses are significant in promoting delamination. In this study, woven
vinyl-ester composite plates up to 1.37m long are numerically modeled with a simple, gradually damaging three-
dimensional material model and the results are compared with full-scale tests. The model is based on damage
mechanics principles using cyclic test data to obtain modulus reduction with damage. Delamination is modeled with
a mixed-mode traction-separation law using cohesive elements. The non-linear elastic orthotropic material model
for the woven plies is written in a VUMAT in Abaqus/Explicit and the effects of varying some of the modelling
parameters are briefly discussed through the examination of the contact force.

Keywords. woven composites; impact; finite element; damage mechanics; delamination;

1. Introduction

Developments in the use of fibre composite materials for the construction of naval vessels have increased
significantly over the last decade. This has been driven by the need for increased performance requirements in terms
of stealth, payload, range, stability and at the same time, a reduction in costs both in terms of maintenance, operation
and construction. Much experience in the use of composites in the marine environment has been obtained from the
design of composite minesweepers which were designed using high stiffness requirements and not for the current
vessels being planned. The stiffness of composites can be determined fairly accurately using finite element models
and material properties from standard material characterisation tests. However, with more demanding requirements
this has changed and the prediction of damage is something that is now required in order to satisfy higher
performance demands. This is not as simple as determining elastic stiffness of the structure due to the complex
damage modes that can occur in composites. This is particularly true under impact loading scenarios.

Commercial finite element (FE) codes are currently implemented to model impact of composite plates but most still
lack effective constitutive models for laminates experiencing damage. Large-scale experimental data is also scarce
in the public domain on many naval composites, particularly so with regards to dynamic data such as contact force-
time history, which according to Zhou and Greaves [1] is one way of revealing the dominant damage mechanisms,
namely delamination and fibre failure.

The initiation of damage in composite materials is the point at which the stresses or strains in the material are large
enough to incur some permanent deformation in the form of matrix cracking. Stress or strain based criteria have
been the most common tools to model failure on a macro-scale but in a basic way, degrading the properties once
only down to a residual value [2,3]. Currently however, continuum damage mechanics (CDM) is becoming
increasingly popular and has yet to be introduced in many finite element packages for composite modelling. With
reference to damage of composites, Ladeveze and LeDantec [4] and Chaboche [5] produced some of the earlier
work in this area. The main limitations of a CDM models however, arise from the testing procedures and suitable
experimental data is often difficult to generate.

A variety of constitutive models have been proposed for woven composites. Of particular interest in the field of
CDM and impact modelling of woven composites is lannucci’s works. Iannucci et al. [6] modelled damage
propagation of woven GFRP subjected to impact using shell elements. This was extended to solid elements in the



work by Camanho et al. [7]. More recently the model was extended to include delamination using cohesive elements
[2]. Matzenmiller et al [8] also developed an in-plane anisotropic damage mechanics model to model several
damage modes excluding delamination. The model was tested against uniaxial tensile, compressive and simple shear
tests. Other approaches to modelling woven composites includes that by Kollegal [9] who used an in-plane damage
mechanics model to meshed unit cells of a plain weave composite under quasi-static loading.

Delamination is a major damage mode in thick composite plates subjected to low velocity impact. Although the use
of resin-rich layer techniques has in the past provided good results [10,11] its reliability is questionable [12] as they
do not model the physical separation and ensuing contact condition of the delaminated layers. It is evident that to
effectively model delamination and reduce the contact force, cohesive elements are an attractive option and have
been popular for modelling delamination in small scale composites plates [13-16]. More recently and more specific
to naval composites, Lemmen et al [17] proposed a damage mechanics based model using a damage initiation
criterion based on Hashin’s work [18] for quasi-static loading of a T-joint panel and modelling delamination with
cohesive elements.

Although a large volume of much work has been carried out in modelling quasi-static fracture of aerospace
composites, the investigation in the behaviour of marine composite plates under impact is not as well studied. Some
work includes that by Zhou and Greaves [1] who carried out low velocity impact tests on thick GFRP laminates,
producing high incident kinetic energy with the use of large masses, plotting the ratio of two impact force thresholds
(delamination and final rupture) against delamination area as a way of analyzing the state of damage. On the other
hand, Sierakowski and Chaturverdi [19] plotted the change in modulus with damage area using CAI (compression
after impact) tests. Davies et al. [20] subjected even smaller thick circular polyester GFRP laminates to low velocity
impact using a flat nosed impactor and examined the occurrence of the most dominant failure modes: delamination
and fibre shear-out.

Impact kinetic energy, delamination area and depth of surface indent have previously been used as measures of
damage of composites under impact. Work by Sutherland and Guedes Soares [21] however, highlights how the size
and shape of the contact force provides a better reflection of the level of damage incurred by the composite.
Sutherland et al produced some interesting work on the impact response of small circular plates for a range of
diameter to thickness ratios. The plate behaviour was typified by damage progression in three stages: undelaminated
(yet irreversibly absorbing energy); delaminated and fibre damage and used an energy balance approach to give
correlation between impact force and incident energy.

The effect of strain rate for the impact velocities considered is debatable. Sutherland et al found that in-plane strain
rate effects were significant when bending dominated (and therefore more so for thinner plates) but not so for the
thicker plates or when considerable damage was created by the load. Strain rate tests for values of up to 1000s™ was
carried out by the USNA (United States Naval Academy) investigating underwater explosions on a woven roving
(WR) E-glass/Derakane 8084 vinyl ester manufactured by hand lay-up and the SCRIMP process. The report (which
is unavailable in the public domain) identifies less significant changes in material strength and stiffness for strain
rates of 100 to 1000s™ than for 0.1 to 100s™. Strain rate data for the same composite system but manufactured using
hand-lay-up, resulted in poorer material consolidation than using the VARTM technique. Stress-strain tensile and
compression tests carried out at a strain rate of 100s™ for this hand-layup produced lower strength values than for the
VARTM composite tested quasi-statically. Prior to this, Smith and Murphy [22] already reported on the
inconclusive and contradictory nature of strain rate data relating to woven composites. More recently, Heimbs et al.
[23] carried out strain rate tests between 10s ' to 300 s ' on WR glass/phenolic composites and found significant
increases in strength of up to 88% in the weft direction compared to static ones for strain rates exceeding 50 s,
compared to a smaller increase of only 33% in in-plane shear. The Young’s modulus also appeared to increase only
marginally.

Strain rate data on its own is of little use when a CDM model is involved. In order to obtain the degraded moduli for
the gradually damaging material model, the cyclic tests would have to be carried out under dynamic strain rates, For
rates up to 100s™, the USNA have an Instron Servo hydraulic machine capable of applying tensile loads to this rate,
however it is not able to carry out cyclic tests at these high rates. The use of the Split Hopkinson bar for such tests is
limited, as briefly described by Iannucci et al [6] who used inverse modelling to obtain the necessary parameters for
his damage lag model. The exclusion of strain rate sensitivity in the present work can thus be justified primarily for
the lack of robust test methods. Secondly, due to the conflicting test results. Thirdly, the impact velocities used in



the present work are very low and the plates demonstrate a flexural response as opposed to a dilatational wave
response seen with very short impact times. Dechaene et al [24] found that the threshold between low and high
impact velocities can be defined in terms of the ratio of impact velocity and the speed of sound through the thickness
of the composite. The transverse waves, responsible for material phase changes, should be considered for strain rates
above 20s”', which on a whole are not being reached in the impact tests in the present work. Fourthly, given that
many of the naval sections are still produced using hand-layup, the use of the superior VARTM material properties
in the current material model has a compensatory effect for the lack of consideration of strain rate induced increase
in stiffness and strength.

In this paper, WR E-glass/Derakane 8084 vinyl-ester composite plates up to 1.37m long were tested under impact
loading using energies of up to 7200J and compared to finite element models in Abaqus/Explicit. A user-defined
subroutine called a VUMAT was used to write the constitutive behaviour for a non-linear elastic damaging material
model. Modelling the transverse behaviour of thick woven composite plates is important [25], and the plates are thus
discretised with solid elements thereby allowing the required 3d degradation of the woven ply material via a simple
damage mechanics approach. Delamination between plies or groups of plies is also modeled using cohesive
elements and a traction-separation law available in Abaqus/Explicit. Cyclic tests were carried out to obtain damage
parameters and the FE models are validated against full-scale impact tests on GFRP panels. The material model
serves to provide a relatively simple but effective method of modelling damage and material behavior without being
wholly reliable on complex testing procedures.

2. Thefinite element model
2.1. In-plane matrix and fibre damage

Damage in the in-plane direction is dealt with using a simple strain based continuum damage model (CDM) applied
at the plies. A ply in this study is a woven lamina with tows 90° to each other. A test that produces stable crack
growth is required to characterize the effect of damage propagation in composites. Unnotched coupon tensile tests
used in the past produce unstable crack growth soon after the start of any damage but cyclic or fatigue loading is one
method of obtaining stable crack growth by developing the damage very slowly. Work by Talreja [26] show that
changes in moduli seen in fatigue testing of coupons can be used to quantify the damage incurred.

Previous work [26-28] shows that matrix damage occurs first followed by combined matrix and fibre damage until
full failure. The in-plane CDM model can thus be regarded as consisting of four stages of material response:

Undamaged elastic stage

Damaging stage 1 — matrix dominated
Damaging stage 2 — fibre and matrix dominated
Failed

B Lo -

There are several basic assumptions associated with this in-plane damage model, these are:

i. The term ‘damage’ is generally referred to as the proportion of damaged material and is manifest in the abated
stiffness. This is not necessarily equivalent to volumetric crack ratio e.g. a material cross-section may be 80%
saturated with cracks while the loss in stiffness not necessarily equal to 80% of the original stiffness. In this model,
the term damage means the same as stiffness reduction. The stiffness reduction occurs as a result of the presence of
numerous cracks within a unit volume of the material. In the FE analysis the reduced stiffness posterior to a certain
criterion being met is represented by the stiffness at a damaged material point. This assumption implies that the
crack size must be very small in relation to the volume associated with the material point, thus the cracks are not
individually modeled (discrete crack model) but considered to be averaged and ‘smeared’ over the element volume
(smeared crack model). The amount of damage can be expressed through the damage parameter d.

ii. Keeping with the first and second laws of thermodynamics, the damage is irreversible and therefore the damage

function is monotonically increasing i.e. d(t""') = [;i‘ {d(t“)} i



The condition states that the damage in the current time is dependent on the maximum attained damage during the
loading history up to the current time. The expression is with reference to the time scale in the explicit FE analysis.
The ‘current time’ is in fact the time at the end of the current time increment, which can be expressed as t""' = t" +
dt, where n is the number of the increment.

iii. The material is elastic damaging and therefore the strains comprise of elastic strains and damage strains only.
Inelastic strains are caused by damage to the material (such as matrix cracking). In this model however, the
constitutive behaviour is non-linear elastic. It is assumed that the interpolation functions of the finite element
software give a good approximation of the strain at the integration point. It is also assumed that this strain includes
the crack opening displacements smeared over the element. The damage is elastic so that when cracks have been
formed/opened when the material is loaded then they close again when the load is removed. No permanent
deformation is thus modeled. This ‘damage strain’ is achieved through a reduction in modulus which in turn results
in larger strains.

2.1.1. Initiation of matrix damage

Damage initiation is assumed to occur when a crack is created in any direction in the material and is followed by
damage propagation. Two damage initiation criteria were put to the test. The first was Hashin’s 3d stress criterion
for transverse matrix crack initiation for tensile or compressive loading [18]. The FE analysis results were not
satisfactory with this formulation since damage initiation was predicted very late on in the analyses. Also the tensile
(bottom) side of the plate was always first to damage and continuing to do so predominantly more than the top of the
plate and predicting over-extensive areas of damage.

The second damage initiation criterion and the most successful is an equivalent strain criterion suggested by
Williams et al. [29] and successfully used for impact analyses of composite plates. The version shown in Equation
(1) includes the through-thickness strain component for application to a 3d model. This criterion was used in the
present study to predict the start of material degradation for both the in-plane and through the thickness directions.
This global initiation criterion was chosen following poor results using separate criteria for transverse damage
initiation such as Brewer and Legace’s delamination criterion [30].

= Equivalent strain function, a 3d version of that used by Williams et al. [29]

N R RO EC AR
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Where K, L, V, S, T and U are the strains to failure of the ply in the in-plane 1-direction, the in-plane 2-direction,
out-of-plane 3-direction, the in-plane shear direction (12), and the two transverse shear directions 23 and 13
respectively using standard tensile and compressive tests.

2.1.2. Matrix and fibre damage propagation

Once damage has initiated with the equivalent strain criterion, the material degrades and the elastic properties of the
virgin material, shown in

Eir Eiic Exr Eiic Ep, Ei;s Ex Essr Essc Vi

24.139 23.37 24.139 23.37 8.273 3.586 3.586 16.89 8.1 0.14
(range (range
6.18t0 | 6.18to
22.7) 9.38)

Table 1, are diminished until failure which must be accounted for in the constitutive equations. The mean value of
the energy density for a damaged material will therefore be different to that for an intact material. The stress acting
over the undamaged portion of the material is known as the effective stress, which can be defined with the




relationship in Equation (2) where d is the damage parameter and G is the stress over the original undamaged
material cross-section.

5=—2 )

Each damage phase can be characterized by one or more of these variables. These variables are used to degrade the
material properties and can vary from 0 (no damage) to 1 but a 10% residual stiffness is maintained so d only
reaches a maximum of 0.9. This percentage residual was chosen as a result of in-house testing at DSTL suggesting
5-10% and previous work [31] supporting 10%. Iannucci [2] also justifies this residual by approximating the
residual strength of the composite to the strength of the resin, which is only 16.5MPa in tension, compared to the
composite strength properties shown in

S1lt (warp) S221 (weft) S11,=S22, S13 523 S337 S33¢
330.328 298.6 329.6 51.6 51.6 30.5 570
(range 19.37 | (range 520
to 41.71) to 620)

Table 2. The effect of the fibre presence will add to the strength but this is dependent on the fibre orientation angle
which is not readily quantifiable. In addition to the above, a residual stiffness also helps to avoid numerical
problems.

Based on assumption i early on, the original intact moduli E are therefore degraded as shown with the generalized
Equation (3).

E=(1-d)E, 3)

The energy absorbed by the material per unit volume is a function of the material’s elastic properties and the stresses
in the material. Thus the mean value of the strain energy density of the damaged material can be expressed as shown
with Equation (4) which includes damage under compression.

2 0 2 2
Ed :l L_ZQGIIGZZ-F 022 + 612 (4)
2|E)/(1-d)) E ES(1-d,) G,(1-dy)

The internal damage variables are associated with the thermodynamic forces, Y;, which can also be referred to as the
energy density release rates. They represent the change in energy density due to a change in the material
microstructure resulting from damage. The evolution of damage in each material direction can be represented with
the damage parameters that can be expressed in terms of one or more damage energy release rate variables, Y;. For

example, matrix cracking in one of the in-plane fibre directions, may be attributed to loading not only in this
material direction but from in-plane shear stress also; as the type of damage produced is similar between normal in-
plane tension and in-plane shear. Therefore in theory, a combination of stresses could be responsible for the damage
incurred in each one of the material directions, and the damage parameter could, for a plane stress model, be a
function of all of three energy density release rates, as shown with equations (5). This is in effect used to model
coupling of different damage modes but if coupling is excluded then the relationships reduce to Equations (6).

dlzfl(Y19Y23Y3) d2:f2(Y15Y27Y3)7 d3:f3(leaY2’Y3) (5)
d, =f(Y) d,=1(Y,), d;=£(Y;) (6)
d, =1fi(g) d,=1,(,), dy=1f=1(d,d,)=1(g,¢,) @)



The present work however, the functions describing the damage variables were written in terms of the strains. This
was chosen because the damage evolution from cyclic tests could only be obtained as far as the initiation of fibre
damage. Tests to derive the energy density during both matrix and fibre damage evolution could not be carried out.
Although cracks in the two orthogonal planes can also be created by the in-plane shear stress, here the shear damage
variable d;, which controls shear damage only, is not obtained directly from cyclic shear tests but is calculated as a
function of the normal in-plane damage modes.

In-plane damage propagation can be described with a bilinear model, see Figure 1, based on the four stages of
damage described earlier. The value of each variable at each moment in time during the loading phase depends on a
step function F. It is made up of the damage development functions F;,; F,, and Fr as shown in Equation (8). The
function for damage initiation i.e. the start of damaging stage 1, is F;,;, which is equal to Equation (1) described
earlier. Thus when matrix damage is predicted then F;=1and F=1=F,.

The function that predicts the start of damaging stage 2 is F;,,. When fibre damage initiates F;;=1 then F =2 = Fy, see
Equations (9). The function that predicts full failure is Fr. When F¢ =1 then F=3=Fy;;. The relationship between F and
d can be described with Equations (9), where d,, represents the portion of damage attributed to stage 1 (matrix
damage only) and ds to stage 2 damage.

F:Fi+Fm+Ff (8)
Step function
0 =d, <0<F<F
F-1d =d, <K <F<K
d= ( ) I 1 I (9)
dy+(09—-dy)F-2) =d,+d; <F;<F<Fy
0.9 =d,+d; <F>Fy

The orthotropic nature of the WR composite requires that the in-plane moduli are reduced using individual
functions. The damage variables for matrix and fibre damage responsible for degrading each of the 11 (warp), 22
(weft) and 12 (shear) directions are denoted by d;, d,, d; respectively. The variables d; and d, are applied to the warp
and weft directions respectfully and are shown in Equations (10) in terms of the variables at each damage stage d;;,
and di. The matrix damage parameter is in the range of d, <d <d; where dI, dII and dIII represent the damage
parameters at the end of stages I, Il and III, respectively, and the damage function for matrix damage F,, is in the
range of F, <F_ <F;.

d, =d,, +d;
d,=d, +d,

(10)

2m

The damage parameters can be further split into ‘tension’ and ‘compression’, in other words: d;r, dor and d;¢, dac
respectfully. The individual original intact moduli, Eg in tension and compression are therefore degraded as shown

with Equations (11). The stiffness 10ss is thus given by Egdi . A schematic of the relationship between d and E is
shown in Figure 2.

Er =E?1T(1_d]T) (11)
Ejc= E?IC (1-dc)
Epr = Eng (1-d,e)
Epc = Egzc (1-d,e)

22C



The tensile and compressive moduli are only available for one of the orthogonal in-plane directions, therefore in the
present work it is approximated that Ey,=E,;, as shown in

Eiir Eiic Eoxr Eiic Ej, Ej; Ey; Essr Es;3c Vi2

24.139 23.37 24.139 23.37 8.273 3.586 3.586 16.89 8.1 0.14
(range (range
6.18to | 6.18to
22.7) 9.38)

Table 1.

The in-plane shear damage parameter d; can be given directly using Williams et al. [29] damage coupling criterion
shown in Equation (12), omitting the need to carry out cyclic shear tests.

d, =/d? +d? -d,d, (12)

Similar degradation rules can be applied to the Poisson’s ratios. Poisson’s effect from the orthogonal direction, v,
for example, is affected by the damage in the 22 direction and not from cracks in the 11 direction. The symmetry of
the compliance tensor applies to both the damaged and undamaged material however, thus the following relationship
applies, where the superscript ‘d’ refers to the damaged variable:

Vi _ Oy
E, Ep
d p (13)
Vi _ V2
d d
E,  Ex
Hence Poisson’s ratios can be degraded as shown with Equations (14).
0
Vi =V (1-d)) (14)

Vi :V(2]1(1—d2)

The values assigned to dy; for the warp and weft directions in tension and compression (i.e.dyyr, diyc, dueyr and
dll(Z)C) arc given in

Cyclic testing & Emax du
Warp, tensile 0.0225 0.04 (Williams et al.) 0.17
Warp, compressive -0.015 -0.04 0.035
Weft, tensile 0.0208 0.04 0.23
Weft, compressive -0.015 -0.04 0.027

Table and were obtained from the cyclic tests as described in the experimental section. The damage parameter dyj
is assigned a fixed value of 0.9 to maintain the 10% residual stiffness, as explained above.

Matrix damage development function, Fy,

Matrix damage development (stage 1 damage) is predicted using the general linear strain function Equation (15);
where €, is the strain at which matrix damage initiates, € is the actual instantaneous strain calculated in the analysis
and g is the strain at which fibre damage initiates. The strain thresholds used in these damage development
functions were obtained from tensile cyclic tests for each orthogonal in-plane direction for both tension ‘T’ and




compression ‘C’. In other words, functions F,i1, Fic and Foor, Froc were obtained, representing the damaging
phase 1 for in-plane directions 11 and 22, respectfully.

€p 7 = strain at the start of fibre damage in the warp direction under a tensile load.
€p1 = strain at the start of fibre damage in the weft direction under a tensile load.
€pc = strain at the start of fibre damage in the warp direction under a compressive load
€pc = strain at the start of fibre damage in the weft direction under a compressive load.

E(Sf _80)

m

The function <x> (Macaulay brackets) means XH(X) where H is the Heaviside step function thus the formulation of
Equation (15) suggests that damage cannot initiate until €, has been reached. This strain is dictated by the damage
initiation function. Therefore the strain in the warp and weft directions, €y and €g,, when F;,;=1 are recorded during
the FE analysis and used in the above expression. Hence their values are not fixed.

Fibre damage development function, F;

The potential function is based on the strain to failure of the fibre, €., as shown with Equation (16), calculated for
each of the two principal in-plane (fibre) directions

F="t_ (16)

The strain at rupture, parameter €,,,, 1S not easy to estimate analytically and requires test data. As one would
expect, the strain to failure of the undamaged composite material is found to be lower than that of the damaged
material in the softening zone, as shown by Kongshavn and Poursartip [32] and their work on carbon fibre/epoxy
systems. This work involved growing damage in a stable manner using a compact tension specimen then carrying
out tensile tests to failure using material from the damaged portion of the specimen, demonstrating rupture strains of
3-4%. Tensile tests to failure for the undamaged material on the other hand, gave rupture strains of about 1.5%.
Williams et al. [29] used a strain to rupture value of 0.04 in their model, giving reference to Kongshavn and
Poursartip’s experimental work [32]. Thus, due to unavailable experimental data for fibre failure for the woven E-
glass/vinyl ester in the present work, we use the strain value of 0.04 to depict full fibre failure and therefore full
material failure in the warp and weft directions in tension and compression, see

Cyclic testing & Emax dy
Warp, tensile 0.0225 0.04 (Williams et al.) 0.17
Warp, compressive -0.015 -0.04 0.035
Weft, tensile 0.0208 0.04 0.23
Weft, compressive -0.015 -0.04 0.027

Table . In reality however, this strain may be larger for this woven roving and different depending on the direction
of the loading. It was found however, that changes to this value of up to 20% made little difference to the contact
force and out-of-plane displacements.

2.2. Transverse damage

In terms of transverse damage, delamination and ply-shear out are two of the principal damage mechanisms [1]. In a
woven ply, intra-bundle and inter-bundle in-plane cracks can develop, the latter often resulting in inter-bundle
delamination [33-36]. This is not the same as inter-ply delamination which has the effect of reducing the inter-ply
stiffness but has no effect on the actual properties of the woven ply material. Thus in the present work a transverse
intra-ply degradation model is applied in addition to the cohesive elements in between the plies.

221, Transverseintra-ply degradation of the woven ply (T1P model)



Here the transverse properties of the ply material are degraded using stress based criteria. The variation in the
normal transverse modulus obtained from standard tensile tests was significant, with values ranging from 6.98 to
22.68kN/mm’ and for simplicity the average of the most abundant values was used in the analyses. Strain based
criteria would have been preferred, as with the in-plane CDM model, however only failure stress data was available
for this particular composite. Owing to computational reasons, not every ply in a thick plate FE model can be
analysed for delamination. Thus in these cases, one solid element through the thickness can represent two or more
plies as an orthotropic continuum. It was found for these cases in particular, that modelling the degradation of the
transverse properties at the ply/plies is very important to effectively represent the behaviour of the plate. A CDM
model would have been preferred over simple stress criteria, however there are no standard out-of-plane tension or
compression tests. Although a modified ASTM C-297 test provides adequate results, maintaining load train and
specimen alignment is a difficulty associated with this method and the procedure would have to be significantly
modified for cyclic testing.

The through thickness damage is assumed to consist of the following:

1. Undamaged elastic stage
2. Damaging stage — matrix cracking
3. Failed

The function for damage initiation is Fj,; is a global criterion, the same one used for initiating in-plane damage. The
damaging and failed stage is defined by a maximum stress criterion, as described later.

Damage initiation is defined with the equivalent strain criterion. The transverse moduli of the solid elements are
gradually reduced to a residual of 10% of their original value using the maximum stress criterion in Equation (17).
The damage variables d4, ds and dg are applied to the transverse shear 13, 23 and normal 33 directions, respectfully.
The moduli are degraded using similar expressions to Equation (11). The difference between the compressive and
tensile behaviour of the material is incorporated using the relevant ultimate stress values from standard transverse
compressive and tensile tests.

max
(¢}

d =0.9(6max—_6J (17)

2.2.2. Deéamination (inter-ply degradation)

Delamination is a very severe damage mode in thick composites and has been observed extensively in shock loading
tests. Delamination is also the predominant damage mechanism observed in impact tests of thick plates, preceded by
matrix cracking. A cohesive element was implemented in the finite element (FE) models to improve the
delamination prediction over stressed based criteria. Cohesive elements allow displacement discontinuities
associated with cracks to be explicitly represented. These elements relate the displacement discontinuity across a
crack to tractions that act across the crack which may be sustained by fibrils in cracked regions, bridging fibers,
friction and other crack bridging mechanisms. Resin rich regions naturally exist between interfaces of each ply in a
laminate and are known to promote delamination. In the models adopted, the resin rich regions were approximately
15% of the ply thickness.

Failure of the cohesive elements is initiated by a mixed-mode quadratic stress based criterion involving the normal
and two shear stress components, see Figure 3. This implies that damage will most likely initiate at a stress that is
smaller than the maximum stress for failure for the individual mode. A linear traction separation law is assumed to
occur prior to damage.

The maximum attained value during the loading history of equivalent mixed mode displacement, U, is used to
detect the damage at the interface. The initiation of delamination damage is determined when a maximum nominal

stress criterion, as shown in Equation (18), is equal to one. This occurs at mixed mode stress values of T, = ’Eim -



where i=n,s,t, represents each of the three modes of delamination. Where Macaulay brackets are present indicates
positive (tensile) stresses only and is therefore only relevant to the normal stress T, . It is assumed that the mode I
stress does not contribute towards delamination damage when this stress is compressive and therefore under this
loading mode I behavior is excluded from the equation. T;max in the equation, also shown in Figure 3 is the

maximum stress for the pure modes (i.e. when no other mode is acting).

max 2 2 2
Tn max max
< > + Ts + Tt — 1 ( 1 8)
T;nax Tsmax Ttmax

The quadratic stress criterion can also be written in terms of the displacements, Equation (19) by substituting the
maximum stresses with the product of the penalty stiffness and the initiation strain.
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Once the damage initiation criteria is reached, the traction displacement is degraded linearly. The softening behavior
can be either linear or exponential in Abaqus and for validation of a simpler model, a linear case was chosen. The
area under the traction displacement curve, or the energy dissipated at crack propagation is equal to the fracture
toughness for the particular fracture mode. A quadratic power law damage evolution criteria is adopted which
controls the damage evolution. This defines the dependence of the fracture energy on the relative mode-mixity,
Equation (20). The power indice defines the shape of the failure locus and is typically equal to one or two. There is
still discrepancy as to which power indice should be used or if indeed the power law criterion is adequate for certain
composites or not and opinions are varied [7,37]. However, according to Camanho [7] there is no reliable mixed
mode loading criteria for delamination propagation that involves mode III because of the lack of adequate mixed-
mode tests that includes mode III activity.

{2 2] -
GnC GlC GSC

The small plates were modeled with cohesive elements at 4 and 8§ inter-laminar regions. The largel plates were
modeled with 7 cohesive layers and large2 plates with 9 cohesive layers, each solid element therefore representing 5
plies for the latter case. With regards to delamination, the study firstly evaluates whether delamination can be
adequately modeled with the full number of inter-ply regions using a cohesive zone model. Secondly, if modelling
half the inter-ply regions still provides a reasonable indication as to the location and approximate size of the largest
and smallest delaminated regions.

Strain rate effect

Strain rate effect on composites has been studied by researchers at different levels numerically and analytically as
well as experimentally. For instance, Mamalis et al. [38] studied the crushing response and crashworthiness
characteristics of thin walled CFRP tubes experimentally under impact loading and compared the maximum static
and dynamic capacities. They observed the brittle manner in which the plate collapses under compressive loading
for two unstable cases of local tube buckling and mid length collapse mode. They concluded the possibility of an
increase in the energy absorption capacity only when localised damage in the impact zone (stable failure) occurred.
However, this mode of failure only occurred in 22% of the test specimens and the majority failed in one of the
unstable failure modes and thus high strain rate did not contribute to energy absorption capacity. They showed the
maximum compressive strength and energy absorption capacity are positively affected as strain rate increases,
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however; this positive contribution was not quantified. In an analytical study by Wang et al. [39] to assess strain rate
sensitivity of unidirectional composite laminates spring-dashpot models similar to those of rheological Kelvin-Voigt
model of viscoelasticity were used and the unidirectional ply was simplified as a coated fibre bundle. They showed
the higher sensitivity of GFRP plies to high strain rates than CFRP plies. They showed that the increase in load
capacity due to strain rate is an almost linear function of strain rate with parameters extracted from tests. In a
numerical study on the nonlinear transient response of rate dependent composite laminated plates Zhu et al. [40]
showed significant nonlinearity in stress-strain behaviour in the directions perpendicular to fibre direction (matrix
dominated directions). They reported an increase in the strength in fibre direction due to strain rate sensitive
behaviour which is difficult to quantify. In a statistical model and experimental study by Xia et al. [41] on glass
fibres it was shown that dynamic strength of glass fibres obeys the Weibull distribution with two rate-independent
parameters. The two independent parameters are those of stress-strain curve shape and unloading damage parameter.
As such, the shape of loading and softening parts on the monotonic strain-based stress-strain curves as well as the
unloading damage curves would be similar at all strain rates. This conclusion is experimentally verified for glass
fibres only and is suggested to be the same for other fibre types with different numerical values for these parameters.
Shah Khan et al. [42] studied woven GRP plates in in-plane warp and weft loading directions. They concluded that
the strength and modulus varied similarly with strain rate when the loading was in these directions. They observed
that the in-plane elastic moduli and strength first increased with strain rate and then decreased markedly at higher
strain rates. The increase was monotonic when strain rates were in the range of 107-10/s and reached 20%. Ochola
et al. [43] conducted compressive tests on CFRP and GFRP laminate specimens in the strain rate range of 10°-450/s.
They concluded the increase in the strength of GFRP laminate with increasing strain rate and the decrease in strain
to failure for both materials. More recently Iannucci and Ankersen [44] discussed the results of tests conducted on
unidirectional and woven CFRP laminas and concluded high rate dependence of matrix dominated modes and
almost independence of fire dominated modes for this type of composite.

Form the studies conducted by researchers and the abundance of literature available on this topic it can be concluded
that strain rate effects cannot be conclusively commented on quantitatively. The results are limited to particular
types of fibre and matrix and to a particular level and formulation. As such, they are sometimes even contradictory.
As a general statement it can be expected that the rate dependence has a positive or zero contribution on load and
energy absorption capacities which depends on fibre and matrix types, fibre content, stacking sequence and
production method. Due to these intricacies and uncertainties strain rate sensitivity of GRP as suggested by the
literature is not considered in the present study. The type of strain rates encountered in the FE analyses is bounded to
20/s (due to relatively low impact velocities). From the available literature the material modulus and strength can
increase by up to 20% in this range which is judged to be compensated by the supremacy of VARTM method over
hand lay-up.

M esh constraints

The contact algorithm option of finite sliding for contact pairs was chosen for the impact analyses in
Abaqus/Explicit because it is a more robust algorithm over small sliding, reflected largely in the far lesser
dependence on the mesh density. The tup was discretised with an element size that was fine enough to minimize any
sharp corners but slightly larger than the plate elements. Also the coarseness of the mesh becomes increasingly
important with increase in the number of cohesive layers therefore a fine mesh is more desirable. The length of the
cohesive zone was used to select an appropriate mesh size. Hilleborg [45] was the first to develop the FE interface
cracking model for delamination in concrete, who proposed the relationship shown in Equation (21) with n equal to
1. The analysis names for the small plate tests are labeled according to test number, impact energy and tup size used.

nE G Q1

The element length in the cohesive zone can thus be simply defined as shown in Equation (22), where N is the
number of elements. The exact number of elements required in the cohesive zone is still being debated however.
Some researchers have proposed more than 10 elements, others 2 to 5 [46], whereas Camanho and Davila [7]
believe 3 elements is adequate enough, based on a parametric study on a DCB specimen.
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Based on Hilleborg’s expression and the material properties for the woven roving vinyl-ester composite, and the
average mode I critical fracture energy of 596J/m® and 806J/m” L. is calculated as 9.7mm. The structures
considered in the present study are big compared to a DCB specimen, and more than 3 elements within the cohesive
zone would be unwise in terms of numerical running times, even in Explicit. Therefore based on this number, the
element length applied was no larger than 3.2mm. The small plates were also tested with a finer mesh of 1.6mm.

3. Experimental Procedures
3.1. Impact testing

Three different plate sizes were subjected to impact tests. The plates were fabricated at the Naval Surface Warfare
Center (NSWC), Carderock Divison using a proprietary 24 ounce woven roving E-glass/Derakane 8084 vinyl-ester
manufactured with a vacuum assisted resin transfer moulding (VARTM) process producing typical volume fractions
of 68-70%. Woven roving reinforcements consist of bundles of continuous strands in a plain weave pattern with
more material in the direction of the warp.

The smallest plates, of size 0.2286x0.1778x0.00635m® (9x7x0.25in>) and 9 woven layers, were simply supported
and impact tested using an Instron-Dynatup Model 9250HV (High Velocity) with Impulse Control and Data System.
A photodiode was used to determine the velocity of the impact or just before impact. The panels were also
illuminated by high-powered work lights in order for effective visualization of the target area. Three different
hemispherical tup diameters were used to impact the small plates: a 12.7mm (0.5inch), a 25.4mm (linch) and a
38mm (1.5inch). The second largest plates of size 1.07315x0.76835x0.019m* (42.2x30.2x0.75in’) (largel) were
impact tested using a custom made machine, shown in Figure 4, and hemispherical impactors of 0.203m in diameter.
The tup was dropped from a height of 1.295m in order to obtain a drop velocity of 4.7m/s. The plates were bolted
down to steel plates, which were bolted to the impact test frame. In these tests, membrane action was significant
since the panel’s motion was restricted in the horizontal direction. The masses dropped were 340kg (7501bs) (Test
A), 455kg (10031bs) (Test B), and 682kg (15031bs) (Tests C and D). Strain gauge readings were taking at various
locations of these plates. Two other plates, ‘large2(1)’ and ‘large2(2)’ of size 1.37x1.37x0.038m’ (4.5x4.5ftx1.5in’),
were similarly tested but using fully clamped boundary conditions instead. A summary of plate dimensions and test
characteristics is presented in Table 3.

The damage incurred by the plates was measured by visual inspection of each face. Generally speaking, the
discoloured areas can be directly related to delaminated regions. This method of measuring the delamination can
only be approximate as the exact location of the delaminated plies cannot be obtained in this way. As only an
educated guess can provide, we can speculate that the ‘lighter discolouration’ lies in the quarter of the plate nearer
the surface inspected and the ‘darker discolouration’ lies nearer the plate centre. For the small plates, the single
discoloured region lies in the half of the plate nearest the inspected face.

3.2. Cyclictesting

Cyclic tests were performed on woven E-glass/ Derakane 8084 vinyl-ester coupons. Three coupons were tested in
the warp and weft directions in both tension and compression. The loading frequency was carried out at 0.5Hz under
strain control. The strain was applied in increments of 0.0025 and five loading cycles were carried out at every new
increment of strain. The test data are useful in obtaining an approximation for the matrix damage initiation strain and
the fibre damage initiation strain. A typical plot of strain versus damage in the warp direction is shown in Figure 5
for cycling under tension. The tests terminated earlier for the coupons tested under compression over those under
tension.

The actual termination of the cyclic tests took place when audible pops were heard and the mean strain shifted
causing a shift in the mean load in the direction of loading. It is difficult to know with certainty the exact point at
which fibre cracking initiated however a reasonable approximation was taken as the termination of the cyclic tests,
based on this information and then further examination of the tested coupons. The strain at this point is €. This
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strain value was recorded for the warp and weft directions for tension and compression and used in the damage
function of Equation (15) as shown above.

In order to obtain the slope between d; (=0) and dj; in Figure 1 and Figure 2, the d; must be obtained from these
cyclic tests. The dy; parameter is simply derived by obtaining the tangent of the stress-strain curve for the last load
cycle before the start of fibre damage (stage 2 damage), thus providing the degraded modulus at the end of damage
phase 1, E y), for each of the two orthogonal in-plane directions, i.e. Ey;;y and Eyy). The stiffness Ejy; can therefore
be directly related to dy; using Equation (23).

0
d = E; _EII(i) (23)
11(i) E°

The data reveals that a larger amount of damage was suffered by the tensile coupons per unit strain. The tests also
show that the warp direction is stronger than the weft direction and generally develops a little less damage at the
same loading strains. The damage property parameters used in Equation (15) are shown in

Cyclic testing & Emax du
Warp, tensile 0.0225 0.04 (Williams et al.) 0.17
Warp, compressive -0.015 -0.04 0.035
Weft, tensile 0.0208 0.04 0.23
Weft, compressive -0.015 -0.04 0.027

Table .

4. Resultsand discussion
4.1. Small plate impacts

The results for the small plate impact tests for the three different tup sizes are shown in

Test|Tup velocity /|Mass/| Contact Midpoint Test, damage size Test, damage size Energy
ms™ kg Force/ displacement & / (Top) /m (Bottom) / m Level
kN m /]
[FE in m] [FE in m](cohesive  |[FE in m] (cohesive layer)*
layer)*
1 4.59 8.55 15.15 0.0119 0.0381 x 0.0254 0.0381 x 0.0381 91.52
[0.0253 x 0.016] [0.0253 x 0.022]

2 4.572 13.33| 20.35 0.0141 0.03175 x 0.0254 0.0381 x 0.0381 140.57

[0.016]
[0.0492 x 0.035] (c1) [0.0318 x 0.0286] (c8)

3 4.581 15.87| 20.77 0.0158 0.0381 x 0.0254 0.0381 x 0.0508 165.82

[0.015]

[0.0492 x 0.0438] (c6,8) | [0.0552 x 0.0492](c1,2)
(Partial Penetration) 0.03175 x 0.0254 0.0381 x 0.0381

[0.0492 x 0.035] (¢7,8) | [0.0192 x 0.0192] (c1-3)

4" 4.584 18.37 17.73 Penetration 0.03175 x 0.0254 0.0381 x 0.0381 193

[0.0436 x 0.022] (c8) | [0.022 x 0.0436] (c1,2)

5 4.615 18.37| 22.52 Penetration 0.0381 x 0.0254 0.0381 x 0.0381 195.6

[0.0492 x 0.035] (c8) | [0.0318 x 0.0318) (c1,2)

6 4.594 18.62 26.98 Penetration 196
Table,
Test|{Tup velocity /| Mass/| Contact Midpoint Test, damage size Test, damage size Energy
ms™ kg Force/ displacement & / (Top) /m (Bottom) / m Level
kN m [FE in m](cohesive [FE in m] (cohesive layer)* /]
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[FE in m] layer)*
9 4.593 18.70| 24.93 0.0159 0.03175 x 0.0254 0.0381 x 0.03175 195.51
[0.017] [0.044x0.044] (c5) [0.038x0.038] (c3)
10 4.596 20.34| 27.86 0.0165 0.0381 x 0.03175 0.0381 x 0.03175 217.41
[0.018] [0.052x0.038] (c7) [0.043x0.033] (c4)
7R 4.596 23.69| 27.74 0.0186 0.03175 x 0.0381 0.04445 x 0.04445 247.59
(Partial Penetration) [0.0478x0.043] (c7) [0.0382x0.033] (c2&4)
[0.019]
Table and
Test |Tup velocity| Mass/| Contact Midpoint Test, damage size Test, damage size Energy
/ kg Force/ displacement & (Top) / m (Bottom) / m Level
ms-1 kN / /]
m [FE in m](cohesive [FE in m] (cohesive
[FE in mm] layer)* layer)*
11 4.60553 | 20.26 22.28 0.0206 0.04445 x 0.0381 0.0381 x 0.0381 211.71
(281) [0.019] [0.073 x 0.036](c8) [0.0437 x 0.0382](c1)
12 4.60553 | 24.32 23.43 0.0223 0.04445 x 0.0381 0.0381 x 0.0381 263.41
(282) [0.025]
13 4.60858 | 26.19 24.86 0.0229 0.05715x 0.03175 0.0381 x 0.0381 284.05
(283) [0.02] [0.055x0.029] (c7,8) [0.0318 x 0.035] (c1-2)
14 4.69087 | 26.19 24.57 0.0236 0.0381 x 0.0381 0.04445 x 0.0381 294.16
(284) [0.028] [0.068 x 0.036](c6-8) [0.055 x 0.0494](c1,2)
15 6.2088 26.19 28.13 0.0376 0.03175x 0.03175 0.05715 x 0.04445 495.85
(285) [0.024] [0.0976 x 0.1778](c8) [0.072 x 0.1778**](c1)
16 7.13 26.19 29.40 0.0546 0.06985 x 0.0508 0.03175x 0.03175 664.9325
(286) [0.03] [0.055 x 0.0318](c6-8) [0.0794 x 0.0492](c1)

Table . The tests are shown in order of impact energy. The finite element delamination predictions are given
underneath the experimental results, for the top and bottom half of the plates using a full (8 layer) cohesive layer
model.

The effect of using a damage model over a no-damage FE model is less significant on the contact force results for
the smaller incident kinetic energy (IKE) impact tests, as demonstrated with analysis test 9M(195J) in Figure 6 but
more so with the larger impact energy tests such as test 16L(665J) in Figure 7(a). The analysis name gives
information on the test number; the size of the tup used, ‘S’ for small(12.7mm), ‘M’ for medium (25.4mm) and ‘L’
for large (38mm); and the impact energy. Modelling delamination with cohesive layers not only reduces the peak
contact force but also appears to stabilize the shape of the contact force, also demonstrated with Figure 6 for a 4
cohesive layer model. A likely reason for this is the extra energy absorption at these layers. Without the cohesive
layers, plotted as ‘solid 5°, the excess energy that would normally go into delamination goes into more matrix and
fibre damage, causing the elements to excessively deform. Inclusion of these cohesive layers not only has the effect
of further reducing the stiffness of the plate but further decreases the detection of some of the higher frequency
components.

Significant fibre failure associated with high impact energies is demonstrated with a sudden drop in contact force,
which was predominant with test 23M(270J) in Figure 7(b). The FE model of this test becomes very unstable at this
point of impact, and although it provides a good peak contact force, the unloading part of the curve contains many
sporadic peaks that are no reflection of the actual contact behaviour of the panel. Degrading the through-thickness
properties of the woven ply material positively reduces the contact force but also adds to some de-stabilization of the
analyses occurs with decrease in tup size and increase in incident energy.

There is trend amongst all the analyses that shows an increase in the asymmetry of the contact force-time plots with
increase in impact energy, which indicates an increase in damage [21]. The number of cohesive elements used and
the transverse degradation of the woven plies using the TIP damage model have a particularly prominent effect on
the analyses. Modelling the full number of cohesive layers and applying the TIP damage model can decrease the
transverse stiffness to such an extent that it has an obvious knock-on effect on the in-plane matrix and fibre damage
and delamination predictions. This does not happen when only half the number of cohesive regions is modeled.
Although more fibre damage is predicted with the 8 layer model, the maximum area of matrix damage and
delamination is better captured than with the 4 layer model. This effect is enhanced with increase in incident energy.
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Although the difference in damage prediction appears significant enough to affect the contact force output, these are
in fact only marginally affected because the most severe development of the transverse damage occurs towards the
end of the impact phase when the plate is near its maximum deflection.

The large element distortion is most severe with the small impact tests, seen primarily at the bottom of the plate
centre. Many of the small tup impact tests caused partial or full penetration of the plate and this type of event is not
accounted for in the model. Ideally, to reduce the element distortion in these impact cases, the failed elements would
need to be deleted/’eroded’. However, this is not practical or realistic for the mesh densities considered, and would
in reality only add to the model’s instability. Then again, a very fine mesh for models of this size and larger would
take weeks to run. Figure 8(a) and (b) shows the transverse shear modulus E;; contours for the lowest and highest
IKE small tup impact tests 1S(91.5J) and test 6S(196J). Significantly higher fibre damage is predicted for test
6S(196J) (indicated with areas of lowest modulus), which in reality incurred tup penetration.

The large tup simulations developed the least element distortion. Test 15L.(495J) and test 16L(664J) benefited the
most out of all the simulations from the full 8 cohesive layer model and the TIP damage model. When only 4
cohesive layers were modeled for these test simulations, the layers severely over-delaminated causing the analyses
to stop prematurely. For these particular tests the energy was largely used in creating delamination, more so than
matrix or fibre damage and a model with only half the number of cohesive layers absorbed more energy per layer
than one with 8. This makes sense as the effect of a large tup diameter more closely resembles the effect of an air
blast or underwater shock load and these principally create transverse damage in the form of delamination [47]. The
interface between two plies is a weakness in the laminate and therefore delamination is an easier damage mode. The
transverse damage predictions at the woven plies using the TIP model was also more spread out than with the
smaller tup impact simulations. Test measurements indicating the extent of through-thickness damage (i.e. in-plane
cracks within the plies) are not available therefore the FE transverse damage area predictions cannot be validated.

Based on the above, the trend appears to be generally reflective of rather harsh transverse damage criteria at the
woven plies for a full cohesive layer model. Despite this, the out-of-plane displacements are relatively well
predicted in all the analyses, with a general trend towards a slight over-prediction of the contact force and under-
prediction of the displacement with the large tup-large energy impact tests. The improvements in using the proposed
damage model are very significant. Figure 9, Figure 10 and Figure 11 show the contact force plotted against the
impact energy for analyses modelling full damage ‘dam’ and no damage ‘no dam’, and the test results. The
relationship between increase in incident kinetic energy and increase in contact force is demonstrated, however the
relationship between the incident kinetic energy and the largest delamination measured is not as clear, as shown with
Figure 12. This is in contrast to what was reported by Zhou and Greaves [1], although unlike the present work where
the impact or mass is varied but the impact velocity is kept constant. their tests varied the incident velocity only.

A plot of displacement against contact force for several of the 1 inch tup tests (low to intermediate impact energies),
Figure 13, shows some important features during the loading event. The plate width-to-thickness ratio of these plates
is large enough for membrane action to take effect and this is apparent with the increase in the stiffness of the plate
from the start to the finish of loading. Some of the peaks and troughs present in all the experimental plots are
replicated in the FE models, here demonstrated for various medium tup impact tests and one simulation. One
obvious difference between the test and FE results includes the lack of un-recoverable (irreversible) energy in the
numerical analysis and its rotational shift relative to the test by over-predicted out-of-plane displacements and longer
contact times. At peak ‘1°, the FE model predicts no damage, and the reduction in contact force may be attributed to
the compression of the top element and the contact definition. Peak ‘2°, coincides with the start of in-plane damage
at the bottom of the plate and shear induced delamination. At peak ‘3’ significant drops in the in-plane modulus
takes place for those elements at the centre of the plate, particularly at the bottom of the plate, and some fibre
damage is created. From this point onwards more elements in and around the impact site begin to loose stiffness, and
further significant delamination takes place. At peak ‘4’, full failure occurs and unloading begins. Throughout the
loading history, the plate elements towards the top of the plate degrade less in comparison to the bottom of the plate.

The results are also detailed in

Test|Tup velocity /| Mass/| Contact Midpoint Test, damage size Test, damage size Energy
ms™ kg Force/ displacement 6 / (Top) / m (Bottom) / m Level
kN m [FE in m](cohesive [FE in m] (cohesive layer)* /]
[FE in m] layer)*
9 4.593 18.70] 24.93 0.0159 0.03175 x 0.0254 0.0381 x 0.03175 195.51
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[0.017] [0.044x0.044] (c5) [0.038x0.038] (c3)
10| 459 [2034] 27.86 0.0165 0.0381 x 0.03175 0.0381 x 0.03175 217.41
[0.018] [0.052x0.038] (¢7) [0.043x0.033] (c4)
7R| 459 [23.69] 27.74 0.0186 0.03175 x 0.0381 0.04445 x 0.04445 | 247.59
(Partial Penetration) |  [0.0478x0.043] (¢7) [0.0382x0.033] (c2&4)
[0.019]

Table 6. Medium tup ‘M’ (25.4mm dia.) — small plate test results and FE delamination
predictions, using aco8 p2t2 mesh. ‘cl’ isthe cohesive layer nearest the bottom of the plate

and ‘c8 is nearest the top. The maximum area of damage appears quite extensive, however the predicted
modulus reduction in these wider regions is only small, comprising largely of matrix cracking only. The model
shows that more in-plane damage is seen at the bottom than at the top of the plate, correlating well with the trends
recorded by Mouritz [48]. Cracking of both the matrix and glass fibres was observed in the tests, which is evident in
the FE simulations.

The delamination damage for test 13M(284J) is shown in Figures 15(a) and (b). Although the widest area of damage
was seen from the top of the plate in (b), Figures 15 (a) shows larger inter-ply separation at the bottom of the plate
caused by the release of the residual transverse tensile transverse stresses on cutting the plate in half. It is clear from
these figures that the largest delaminations occur inside, correctly modeled but over-predicted with the FE analyses.
With all the analyses, failure of the cohesive elements during the compression phase occurs due to the shear stresses
only because the normal transverse stress contribution during the compression phase is excluded from the failure
criteria. Therefore the effect of delamination on the peak contact force is governed by the transverse shear stresses
only. It is during the tensile phase (when the tup moves away), that some of these central cohesive elements begin
to fail under normal transverse tension. Besides the extensive through-thickness delamination seen in most tests and
their simulations, the maximum bending stresses are foremost responsible for large amounts of matrix and fibre
damage formation at the top and bottom of the plate, accentuated in the analyses at the bottom of the plate due to the
effects of localized compression at the top of the plate and the tensile-tendency of the normal transverse stresses at
the bottom plies.

A few of the medium tup impact analyses were evaluated for variations in the damage parameter dj; of up to 50%,
keeping all other parameters constant, including the strain at the start of fibre damage, €¢, it was found that it had a
negligible, effect on the contact force . It may be that the rate of damage up to strain €& is not that significant,
although this would have to be properly verified by testing even larger values of dII and for other impact conditions.
Moreover, increasing the rate in the early part of the loading curve but keeping all other parameters constant, brings
about a decrease in the rate of damage after a strain value of €. Differentiating between compressive and tensile in-
plane strains made a negligible difference to the maximum out-of-plane displacement but had the effect of
increasing the maximum contact force by a mere 3%.

4.2. Largeplateimpacts

The finite element results show that the contact force is slightly under-predicted for the smaller mass impacts but
good results are obtained with the largest mass 682kg tup used in tests C and D. The results for the no-damage
model still show an under-prediction in the contact force for the lowest energy impact, test largel(A), but for test
large1(B) the peak contact force is close to the experimental value. A similar trend was seen with the large2 plate
analyses. It is therefore likely that the element type is a large contributor to the problem as it was found that the
shells produced higher contact force predictions than the solid (continuum) elements for an analysis exclusive of
damage. The maximum out-of-plane displacement and contact force results are shown in Figures 16 to Figures 17.
The contact force predictions for the largest and thickest plates impacted, large2, were quite reasonable, as shown in
Figure 18. Two examples of strain readings taken along the length and width of the plate, 100mm and 190mm from
the plate centre respectfully are shown in Figure 19(a) and (b). The gauge reading labeled ‘g3’ is on the top face of
the plate, mirroring gauge 17 shown labeled in Figure 21.

The Overall damage predictions correlated well with the experimental trend. The largest delaminations did appear
inside the plate, not at the surfaces, although the analyses did over-predict the size of these regions. Figure 20 and
Figure 21 are photos of the damage regions for large1(D) and the FE damage predictions in Figure 22. The damage
experienced by plates large2(1) was less than that experienced by plate large1(B), both being impacted with almost
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the same tup mass and velocity. Although the large2(1) plate was clamped, this plate was almost twice the thickness
and is reflected in the type of damage incurred. The largest delaminated layer was measured near the mid-plate
which was predicted relatively well with the cohesive zone model. This indicates that this thick plate absorbed much
of the energy transversely, and the transverse shear stresses being maximum at the mid-plane were probably largely
responsible for the greater amount of delamination seen inside the plate and not near the surface. This is in contrast
to large1(B) test which suffered fibre fracture at the top and particularly bottom face. The contact force and incident
kinetic energy relationship for the large plate impacts is shown in Figure 23, showing a good correlation between the
FE predictions and the test.

5. Conclusion

A simple 2d damage model at the woven plies based on damage mechanics principles and separate transverse
damage criteria has been presented for thick composite plates and validated for impact loading under simply
supported boundary conditions. A global strain-based damage function initiates damage after which degradation of
the in-plane and out-of-plane properties of the woven plies are treated separately using strain and stress functions
respectfully. Delamination of the inter-ply regions is modeled with a cohesive zone model. The limited literature on
impact modelling of marine composites is largely restricted to thin plates and do not include all failure modes. This
paper shows how a full 3d damage model is necessary to effectively model the behaviour of thicker plates under
transverse loading.

It is observed that modelling 3d damage at the ply level and delamination reduces the contact force by up to 42%
compared to the no-damage model but generally increases the contact time and out-of-plane displacement compared
to the experiment. Thick plates with relatively few plies (in this case 9) simulated with a 2d damage model at the
woven plies and cohesive layers at every inter-ply still give an over-predicted contact force. To reduce this it is
necessary to model the transverse intra-laminar damage at the woven layers, although the model’s degradation rules
were a little too severe. Inserting cohesive zones in between every ply may not be computationally reasonable for
plates with many layers and modelling fewer cohesive layers can still provide good results as long as through-
thickness damage is incorporated at the plies.

It was found that in-plane and transverse intra-laminar damage modelling at the woven plies is the largest cause of
reduction in contact force followed by the delamination model which also has the effect of stabilizing the contact
behaviour through the absorption of some of the impact energy. The implementation of the damage model always
improves the contact force, displacement and damage predictions over a no-damage model.

Although strain rate sensitivity is an issue which still needs addressing, one of the largest obstacles which must be
over-come is the mesh sensitivity of the analyses, which prevents increasing the mesh size for the large plate
analyses and results in long computational times. This is largely because of mesh constraints relating particularly to
the mesh sensitivity of the cohesive zone model.
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Eur Eiic Esr Eiic En Eis Ex Esr Essc Vi
24.139 23.37 24.139 23.37 8.273 3.586 3.586 16.89 8.1 0.14
(range (range
6.18t0 | 6.18to0
22.7) 9.38)
Table 1. Material properties for the WR E-glass/Derakane 8084 vinyl-ester, moduli in GPa.
S11y (warp) S22+ (weft) S11.=S22, S13 S23 S33r S33¢
330.328 298.6 329.6 51.6 51.6 30.5 570
(range 19.37 | (range 520
to 41.71) to 620)

Table 2. Average material properties for the WR E-glass/Derakane 8084 vinyl-ester in tension ‘T” and compression

‘C’, in MPa

Test tag name Plate dimensions/m Tup mass/dimension Test Ref.s
Small 0.2286x0.1778x0.00635 12.7mm/25.4mm/38mm -
Largel 1.07315x0.76835x0.019 340kg/ 455kg/682kg A/B/C,D
Large2(1) 1.37x1.37x0.038 340kg/ 455kg/682kg A/B/C,D
Large2(2) 1.37x1.37x0.038 340kg/ 455kg/682kg A/B/C,.D

Table 3. The summary of experimental specimens along with tup masses/dimensions

24



Cyclictesting & €max dy
Warp, tensile 0.0225 0.04 (Williams et al.) 0.17
Warp, compressive -0.015 -0.04 0.035
Weft, tensile 0.0208 0.04 0.23
Weft, compressive -0.015 -0.04 0.027

Table 4. Average damage propagation parameters.

Test|{Tup velocity /| Mass/| Contact Midpoint Test, damage size Test, damage size Energy
ms™ kg Force/ displacement & / (Top) /m (Bottom) / m Level
kN m /]
[FE in m] [FE in m](cohesive  |[FE in m] (cohesive layer)*
layer)*
1 4.59 8.55 15.15 0.0119 0.0381 x 0.0254 0.0381 x 0.0381 91.52
[0.0253 x 0.016] [0.0253 x 0.022]
2 4.572 13.33| 20.35 0.0141 0.03175 x 0.0254 0.0381 x 0.0381 140.57
[0.016]
[0.0492 x 0.035] (c1) [0.0318 x 0.0286] (c8)
3 4.581 15.87| 20.77 0.0158 0.0381 x 0.0254 0.0381 x 0.0508 165.82
[0.015]
[0.0492 x 0.0438] (c6,8) | [0.0552 x 0.0492](c1,2)
(Partial Penetration) 0.03175 x 0.0254 0.0381 x 0.0381
[0.0492 x 0.035] (c¢7,8) | [0.0192 x 0.0192] (c1-3)
4t 4.584 18.37 17.73 Penetration 0.03175 x 0.0254 0.0381 x 0.0381 193
[0.0436 x 0.022] (c8) [0.022 x 0.0436] (c1,2)
5 4.615 1837 22.52 Penetration 0.0381 x 0.0254 0.0381 x 0.0381 195.6
[0.0492 x 0.035] (c8) [0.0318 x 0.0318) (c1,2)
6 4.594 18.62| 26.98 Penetration 196

Table5. Small tup S’ (12.7mm dia.) — small plate test results and FE delamination predictions, using a co8 p2t2
mesh. ‘cl’ is the cohesive layer nearest the bottom of the plate and ‘c8’ is nearest the top.

Test|Tup velocity /|Mass/| Contact Midpoint Test, damage size Test, damage size Energy
ms™ kg Force/ displacement & / (Top) /m (Bottom) / m Level
kN m [FE in m](cohesive [FE in m] (cohesive layer)* /]
[FE in m] layer)*
9 4.593 18.70| 24.93 0.0159 0.03175 x 0.0254 0.0381 x 0.03175 195.51
[0.017] [0.044x0.044] (c5) [0.038x0.038] (c3)
10 4.596 20.34 27.86 0.0165 0.0381 x 0.03175 0.0381 x 0.03175 217.41
[0.018] [0.052x0.038] (c7) [0.043x0.033] (c4)
7R 4.596 23.69| 27.74 0.0186 0.03175 x 0.0381 0.04445 x 0.04445 247.59
(Partial Penetration) [0.0478x0.043] (c7) [0.0382x0.033] (c2&4)
[0.019]

Table 6. Medium tup ‘M’ (25.4mm dia.) — small plate test results and FE delamination predictions, using a

co8 p2t2 mesh. ‘cl’ is the cohesive layer nearest the bottom of the plate and ‘c8’ is nearest the top.

25




Test |Tup velocity| Mass/| Contact Midpoint Test, damage size Test, damage size Energy
/ kg Force/  |displacement & (Top) / m (Bottom) / m Level
ms-1 kN / /]
m [FE in m](cohesive [FE in m] (cohesive
[FE in mm] layer)* layer)*

11 4.60553 | 20.26 22.28 0.0206 0.04445 x 0.0381 0.0381 x 0.0381 211.71
(281) [0.019] [0.073 x 0.036](c8) [0.0437 x 0.0382](cl)

12 4.60553 | 24.32 23.43 0.0223 0.04445 x 0.0381 0.0381 x 0.0381 263.41
(282) [0.025]

13 4.60858 | 26.19 24.86 0.0229 0.05715x 0.03175 0.0381 x 0.0381 284.05
(283) [0.02] [0.055x0.029] (c7,8) [0.0318 x 0.035] (c1-2)

14 4.69087 | 26.19 24.57 0.0236 0.0381 x 0.0381 0.04445 x 0.0381 294.16
(284) [0.028] [0.068 x 0.036](c6-8) [0.055 x 0.0494](c1,2)

15 6.2088 26.19 28.13 0.0376 0.03175x 0.03175 0.05715 x 0.04445 495.85
(285) [0.024] [0.0976 x 0.1778](c8) [0.072 x 0.1778**](c1)

16 7.13 26.19 29.40 0.0546 0.06985 x 0.0508 0.03175 x 0.03175 664.9325
(286) [0.03] [0.055 x 0.0318](c6-8) [0.0794 x 0.0492](c1)

Table 7. Small plate, large tup ‘L’ (38.1mm dia.) test results and FE delamination predictions, using a co8_p2t2

)

@)

3)

“

&)

(6)

(M

®)

®
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mesh. ‘cl’ is the cohesive layer nearest the bottom of the plate and ‘c8’ is nearest the top.
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