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Abstract This study aims to model the damage
incurred to large woven roving E-glass/vinyl-ester
composite panels subjected to shock loads, with par-
ticular emphasis on developing an effective, simple to
use delamination model. An energy criterion for
failure is applied at resin-rich layers, which are mod-
elled in between every ply. The finite element program
Abaqus/Explicit together with a user material subrou-
tine (VUMAT) is used to simulate both large and small
scale impact tests. The resin-rich layers are modelled as
non-linear elastic and matrix and fibre damage is
modelled at the woven plies using Hashin’s 2D stress-
based failure criteria with a once-only degradation of
the material properties.

Introduction

The ability to numerically model the damage incurred
to composite materials and structures subjected to
impulsive loading has become an increasingly impor-
tant topic in the field of structural engineering. There
are a number of approaches for modelling the behav-
iour of composites under damaging loads but none of
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the methods are considered universally applicable as
they lack robustness. This was concluded by the
Worldwide Failure Exercise performed by Hinton [1]
where a number of criteria were tested. It is also
evident that research into modelling matrix, fibre and
in particular, delamination damage in large naval
composite structures is limited. Delamination has in
the past been largely modelled using either stress based
criteria or cohesive zone models. The cohesive zone
models are dependent on the energy data from small
coupon fracture tests and have so far been limited to
modelling only a few delaminating layers in structures
that have thus far been relatively small in size. Tang
et al. [2] took an engineering approach for the residual
analysis of impacted laminated composites and used a
bending strain energy density expression for delami-
nation prediction but its implementation is limited to a
computer code that was specially developed based on
their model features.

A review on delamination predictive methods [3]
discusses damage and fracture mechanics approaches
applied to low velocity impact events on aircraft
composites. They conclude that additional develop-
ment of these techniques is required before any one
technique can be described as a definitive delamination
model. Cohesive interface delamination FE models
have also been formulated by Espinosa et al. [4] but
have been applied to small specimens, using a fine
mesh to model the interlaminar fracture process using
data from standard fracture tests. Instead, other energy
methods have been experimented by Ruiz [5] and
Mines et al. [6] who examined the differences in
energy density dissipation between specimens for a
number of specimen sizes that were subjected to
impact up to perforation.
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Studies on impact testing and impact modelling of
glass-reinforced plastic plates includes that by Suther-
land [7] who tested a range of diameter to thickness
ratios of circular glass/polyester plates, ranging in size
from 100 mm to 200 mm (7.87 in) in diameter. The
impact velocity varied up to a maximum of 6.19 m/s.
The development of the three damage modes; matrix,
fibre and delamination was examined and also the
force—displacement and force-time response. A frac-
ture mechanics model was used to describe the onset of
delamination and an energy balance approach for
modelling the impact force and incident energy. Low
velocity impact damage and residual strength of woven
fabric glass/polyester laminates was also carried out by
Davies and Hitchings [8] who related the impact force
and incident kinetic energy to identify damage initia-
tion. The plates were 100-500 mm (3.94-19.68 in) long
and up to 25 mm (0.984 in) thick. Damage-force maps
were developed from the experiments and proved to be
successful with carbon composite plates of different
sizes. A simple mode II fracture analysis was used to
model a single circular delamination in an isotropic
material, with the assumption that the woven fabric is
not too far from isotropic. Kuboki et al. [9] carried out
impact tests on glass/polyester specimens to search for
the relationship between the delamination resistance
and the impact resistance. Delamination resistance was
characterized using static mode I and mode II delam-
ination tests. Their study highlighted the problems
currently existing in the relationship between the
delamination resistance of GFRP and its impact
resistance. Hou et al. [10] describe an improved
stress-based delamination criterion for laminated com-
posite structures and verified with low velocity impact
tests on plates 140 x 85 x 2.6 mm (5.51 x 3.35 x 0.1 in)
The failure criteria were implemented in LS-DYNA3D
using one solid element through the thickness and
taking into consideration the out-of-plane stresses for
damage initiation. The influence of matrix cracking
and fibre failure on delamination was modelled by
reducing the interlaminar shear strength. Reis and
Freitas [11] determined through experiment the limit
loading capacity and damage growth mechanisms of
impacted composite laminates when subjected to
compression after impact (CAI) loading. They con-

cluded that the residual strength is influenced by the
delaminated area, which is a function of the impact
energy.

It is well known that woven-fabric/polymer compos-
ites demonstrate a substantial amount of inelastic
behaviour, which often occurs during the initial loading
stages of the material, however some of the load paths
create more non-linearity than others. Johnson and
Simon [12] modelled the elastic and inelastic behaviour
of 0.25 x 0.25 m glass fabric/epoxy plates using damage
mechanics and a plastic potential function that is a
function of the in-plane shear stress only. Other
authors have also made the assumption that the fibre
direction behaves largely in an elastic manner [13]
unlike the resin-dominated directions.

Despite this, tests on some woven composites have
shown that the strength and elastic modulus in the fibre
directions is sensitive to strain rate, as concluded by
Khan and Huang [14] who carried out tests on WR
E-glass/Derakane 8084 vinyl-ester composites, mainly
used in naval applications, for strain rates of 10°-10 s,
They also found that the strength in the through-
thickness direction did increase whereas the modulus
change was insignificant. Strain rate modelling is thus
important when it comes to obtaining the stresses and
strains. However, depending on the delamination
model employed, the significance of the strain rate on
the delamination prediction may vary.

This study aims to propose an approach for model-
ling matrix, fibre and delamination damage using test
data from full and small scale impact tests and high
strain rate tensile and compression tests through the
thickness. The experimental data comes from a com-
posite that is used predominantly in naval applications;
a woven roving E-glass/Derakane 8084 vinyl-ester
composite manufactured by an advanced Vacuum
Assisted Resin Transfer Moulding (VARTM) tech-
nique called “CARTM” (Channel Assisted Resin
Transfer Moulding). The composite has a 55-70%
fibre volume fraction and a low void volume fraction
resulting from a superior consolidation of the fibres
and matrix produced by the CARTM process. The
material properties are shown in Table 1.

The main concern in this study is to model the
underlying delamination damage at the interlaminar

Table 1 Average material properties taken from a range of coupon test results for the E-glass/Derakane 8084 vinyl-ester composite,

made by VARTM

E11 (Gpa) E22 (Gpa) E12 (Gpa) S13 (Mpa) S23 (Mpa)

24.139 24.139 8.273 51.6 51.6

E13 (Gpa) E23 (Gpa) S11t (warp) (Mpa) S22+ (fill) (Mpa) S11. = S22, (Mpa)
3.585 3.585 330.328 298.6 329.6
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regions. A simple energy approach is used to model
delamination and Hashin’s 2D stress criterion to model
matrix and fibre failure. The energy criterion for
delamination is applied at the resin-rich layers (RR-
layers), these being a resin-rich region that is naturally
present in between every ply in composite materials
and it is at these locations that delaminations are most
likely to occur. Although the use of RR-layers is still a
relatively new and under-practiced technique, litera-
ture suggests that a maximum transverse shear strain
criterion has been previously applied at the RR-layers
to model delamination, [15]. Other work includes that
by Boh et al. [16] who applied a maximum stress
criterion at these layers in modelling the response of
woven composite beams subjected to transverse shear
loading.

Delamination is a very prominent failure mode for
shock damaged composites and should ideally be
modelled using full-scale test data to minimize any
scaling uncertainties. For low velocity impacts the
delamination and matrix damage area is proportional
to the impact energy, [15]. In order to validate the
numerical model, both large and small scale panels,
have been shocked under impact as part of a wider
study to establish the residual strength of the panels
under in-plane compression loading. The sensitivity of
the results to two modelling variables is examined,
particularly with respect to the transverse stress
predictions.

Impact shock modelling

FE analyses are carried out in Abaqus/Explicit to model
the low velocity impact of two different sized plates in
order to calibrate the models at different scales. The
large scale panel measures 1.524 x 1.524 x 0.0381 m
(5x5ftx1.5in) and the small scale panels are
0.2286 x 0.1778 x 0.00638 m (9 x 7 x 0.25 in).

In order to incur the kind of damage that would be
produced by a vessel impacting debris at sea (such as
logs) under a speed of up to 10 knots, (5.1 m/s) the
impactor must be heavy, of large diameter and travel at
a low velocity. A schematic of the large panel test
fixture is shown in Fig. 1. Following smaller impact
trials, the tup mass was chosen as 453 kg (1,000 1bs),
the tup diameter 203.2 mm (8 in) and the tup velocity
4.6 m/s (15 ft/s).

Strain rate tests on vinyl-ester composites have
indicated an increase in modulus and strength values
over those from quasi-static tests, [17]. Strain rate
tests in the warp and fill directions of a SCRIMP
manufactured glass/vinyl-ester 510A WR were car-
ried out for strain rates ranging from 0.1 s to 557",
[18]. However, the moduli results did show diver-
gence and thus were determined as inconclusive. The
ultimate strength results were more promising, seeing
an increase in value of 59-82% from static to
dynamic at 5s'. The only through-thickness strain
rate data available was carried out under compres-

Fig. 1 Schematic of large
panel impact test fixture ”
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sion on a hand lay-up glass/Derakane 8084 composite
sample obtained from a half-scale Corvette, sub-
jected to strain rates of 0.001 s™' and 100 s™'. The
composite was poorly consolidated, giving results
that are smaller than what was obtained under quasi-
static loading for a very similar resin, a Derakane
510A. The compression and tension results for this
composite are shown in Table 2. The table shows the
average values from five specimens from five differ-
ent Derakane 510A batches. This composite had
typical fibre volume fractions (FVF) of between 50%
and 55%, and although this is not very high, the
material was better consolidated through the
SCRIMP process than the hand lay-up composite.

As the impact testing may see strain rates of over
100 s™' and based on what we know about the effects of
increasing the strain rate, the through-thickness mod-
ulus used in the FE analyses is taken as the largest
value from the available tests and that is the compres-
sive value from the quasi-static tests for the SCRIMP
material in Table 2.

A User Material subroutine (VUMAT) is needed for
all the Abaqus/Explicit analyses if failure criteria are to
be defined, forcing the user to also define the compos-
ite’s constitutive behaviour. In contrast, Abaqus/Stan-
dard allows the option of using a specific User Defined
Field subroutine (USDFLD) that allows state depen-
dent variables and user defined fields to describe the

Table 2 Through-thickness tensile and compressive strengths
and moduli taken from five panels fabricated from E-glass and
Dow D

Material Average ultimate Average modulus

strength/10° N/m? of elasticity/
10° N/m?

Resin Batch 1 Tens.: 35.43 Tens.: 10.27

Panel #1 STD =24

FVF =52.3% Comp.: 541.55 Comp.: 12.44
STD = 21.11

Resin Batch 2 Tens.: 33.95 Tens.: 12.08

Panel #2 STD =2.97

FVF = 53.9% Comp.: 563.78 Comp.: 14.08
STD = 28.19

Resin Batch 3 Tens.: 21.36 Tens.: 11.17

Panel #3 STD = 2.59

FVF =51.8% Comp.: 547.41 Comp.: 13.62
STD = 36.67

Resin Batch 4 Tens.: 39.66 Tens.: 11.08

Panel #4 STD = 2.06

FVF = 53.8% Comp.: 547.18 Comp.: 14.46
STD =9.18

Resin Batch 5 Tens.: 22.17 Tens.: 12.66

Panel #5 STD =1.9

FVF =55.3% Comp.: 591.71 Comp.: 17.65
STD = 12.47

@ Springer

failure criteria, omitting the need to write the constit-
utive equations.

For all of the analyses in this study the RR-layers
and the woven plies are modelled an elastic materials
that are also elastic damaging. The composite woven
plies are orthotropic, and Hashin’s 2D failure criteria
are applied at these layers to model matrix and fibre
failure. When failure is depicted, the relevant material
properties are degraded to 90% of their original value.
The transverse shear stiffness and the through-thick-
ness modulus and Poisson’s ratio is only made avail-
able in the input file and cannot be modified during the
analysis. Delamination damage is modelled with RR-
layers, as shown in Fig. 2. The RR-layers are modelled
as a fraction of the woven ply thickness, typically 5%,
reducing the woven layer thickness accordingly to keep
the overall laminate thickness constant.

Two types of RR-layer models are examined with the
large plate impact simulations. The first model applies a
simple in-plane stress criterion at the RR-layers, “‘stress
criterion 1, shown in Eq. 1, with the criteria that failure
occurs when RRL1 + RRL2 > 1, at which point all the
properties of the resin are degraded to nearly zero. A
variation of stress criterion 1 is ‘‘stress criterion 2”’, here
also evaluated, indicating failure when the largest of
either RRL1 or RRL2 is equal or greater than one. The
maximum strength values of the resin used in the
equations are also reduced to half their value if either
matrix or fibre failure is detected first using Hashin’s 2D
failure criteria, shown with Eq. 2. The strength of the
resin in the two in-plane directions x and y, is denoted by
X§ and Y§ for compressionand X} and Y} for tension.

The second RR-layer model is to apply a simple
internal energy failure criterion at the resin-rich layers.
Two energy density values are compared: the average
critical energy density value obtained from typical
Mode I fracture tests, see Eq. 4, and an energy density
criterion from full impact tests.

Thick shell
elemert Resinrich
layer
' Woven ply

Woyen ply

——
Woven ply

Fig. 2 Composite layering through the thickness of the elements
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The internal energy per unit mass is calculated at
every RR-layer integration point using Eq. 3, see
Fig. 3. When using shell elements, the transverse
stresses are not fed into the subroutine therefore only
in-plane stresses are used in this equation. This energy
value is updated at the end of every time increment
and is compared with the critical energy for failure. V.
is the volume of the resin layer for one element width
and p is the density of the resin.

1 1 1
B = / F B0V = 5-lol(e) e
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Fig. 3 Showing one of the 49 resin-rich layers within an element

The energy values from the critical fracture tests on
the WR E-glass/Derakane 8084 vinyl-ester is shown in
Table 3, calculated using Eq. 4, where “R” is the
thickness of the RR-layer.

_ LiLyGe LiLGe G
M, pLiLoR  pR

4)

The energy value for failure from the impact tests
has been obtained from a simple expression, Eq. 5, for
the total energy absorbed during impact.

t;
E:/ Pvor %)
to

where P and v are the instantaneous load and velocity,
respectively, # is the time of initial impact, taken as
zero, and f; is the time at which contact with the plate is
lost. Because the instantaneous velocity can only be
measured at the beginning and at the end of the
impact, the apparent energy can be used instead, as
shown with Eq. 6.

tf
Ea = vo / POt (6)
0

This energy for failure is then divided by the mass of
the plate to give an energy value that compares with
the internal energy calculated at each integration
point.

In these impact tests, the contact force is known
from experiment and is used in the apparent energy

Table 3 Mode I critical fracture energy test values for WR
E-glass/Derakane 8084 vinyl-ester

Crack initiation Crack propagation

Min value: 3.4 in-1b/in? Min value: 9.05 in-1b/in?

(596 J/m?) (1665 J/m?)
Max value: 4.6 in-1b/in? Max value: 11 in-1b/in?
(806 J/m?) (1928 J/m?)
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equation. Where the contact force and time to impact
is unknown, an independent energy formulation is
required. The ideal is to obtain a critical energy value
based on the kinetic energy of the tup, which can be
applied to a range of plate sizes. The information on
the tup mass and impact velocity is more readily
available than the contact force and it would be
beneficial that the FE model could incorporate this.
If the impulsive event comes from a shock wave, such
as from an underwater blast, then the blast pressure
would be the most likely data resource. Knowing the
blast pressure, Eq. 6 would then be an appropriate
equation to use, where P is the blast pressure.

For both RR-layer models, the resin properties at
the integration points are degraded to nearly zero
when the failure criteria are met. A small residual is
retained for numerical stability.

Ideally, to eliminate mesh sensitivity in the numer-
ical analyses would require enforcing a constant mesh
resolution over the damage zone. The energy would be
calculated for a constant volumetric region that
decreases with increase in specimen scale once the
relationships are established from experiments be-
tween the scale of the specimen and the energy
absorbed by the specimen [19]. Unfortunately, Aba-
qus’ VUMAT does not provide element number
information into the subroutine and the subroutine is
run for every increment at every integration point, for
which their locations are also unknown. The effect of
mesh density on delamination prediction is later
examined with the smaller plate impact simulations.

Large plate impact

The FE simulation results for the large panel are
shown for a single mesh density of 44 x 44 elements
and one element through the thickness. This panel is
modelled with 50 composite orthotropic (woven) plies
and 49 RR-layers.

The implicit analyses are carried out here using
standard thick shell elements, S4R, whereas Abaqus’s
SC8R continuum shell elements are tested in the
Explicit analyses. Both shell element types can model
the change in shell thickness and enforce plane-stress
conditions, however the S4R use Poisson’s ratio to
allow the thickness to change as a function of the
membrane strains only. The thickness strain is defined
in terms of the in-plane strains, as shown with Eq. 7.
This equation is then expressed in terms of the
equivalent changes in displacement of the element’s
reference surface, thus providing an expression for the
change in the element thickness. In contrast, the
continuum shell elements discretise a three-dimen-

@ Springer

sional body giving them advantages over the conven-
tional shells by modelling the through-thickness
response of the shell more accurately. The SC8R
calculates two strains: the primary strain is the effective
thickness strain at the element centre directly from the
element nodal displacements. The secondary strain is
obtained under plane-stress conditions by specifying
the thickness Poisson’s ratio and allowing the through-
thickness strain to be calculated as a linear function of
the membrane strains, as with the ordinary thick shells.
These secondary strains are subtracted from the
primary strains to give the effective thickness strains.
An elastic modulus (E33) is defined under the shell
section definition in the Abaqus input file and an
effective section Poisson’s ratio, making them available
during the pre-processing stage of input. The normal
stress in the thickness direction is thus obtained using
these effective thickness strains and section properties
and it is assumed to be constant through the thickness
of the element. This average transverse normal section
stress can be outputted as SSAVG6 for the shell
section; for each element through the thickness.
Another advantage of the SCS8R over the S4R
elements is their superior contact modelling [20].

1—v

€33 = (611 + €2) (7)

A summary of some of the Standard and Explicit FE
results are shown in Table 4. We can see that the most
effective FE results are those obtained using the
Explicit analysis, applying the energy criterion at the
RR-layers using the energy from full-scale impact tests.
The largest maximum o.0.p (out-of-plane) displace-
ment, seen in Fig. 4, is obtained using Abaqus/Implicit
and the S4R thick shell elements. This is expected as
the thick-shell elements have six degrees of freedom
compared to the three displacement degrees of free-
dom for the continuum shell elements, making them a
little more flexible. Plots of the 0.0.p displacement at
the centre of the panel for the Explicit analysis using
SC8R elements is shown in Fig. 5.

In the tests, the force of the impact was measured in
two ways, by measuring the force directly using an
instrumented tup and by integration of the acceleration
of the weight box. Both force results were very close
and the values calculated using the accelerometer can
be seen in Fig. 6. The maximum tup force compares
very well with that obtained by the Explicit analysis
using the energy for delamination from the impact tests
followed by stress criterion 1. The force is 12% larger
than that obtained experimentally as is expected,
considering that the numerical model does not phys-
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Table 4 Comparing
delamination criteria using
Abaqus /Implicit and Explicit,

Delamination criterion

Max. area of
delamination (m?)

Critical energy
value (J/M)

Max. out-of-plane
displacement (mm)

where “R” is RR-layer

hick Abaqus/standard
thickness 1 Maximum stress criterion 2, N/A 34.5 0.0155
at RR-layers
Abaqus/explicit
1 Maximum stress criterion 1, N/A 31.7 0.004
at RR-layers
2 Energy criterion from 12,560 31.9 0
fracture tests (i-e., 0.361 per R)
3 Energy criterion from 340 31.9 0.107
full-scale impact tests
Test 28.7 0.0917
E
b [x10°] Test  — —Explicit_energy imp tests
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- z 3 . LR
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3 32 | Fig. 6 Impact force at the centre of the panel, FE analyses,
"§ e st 4] Explicit, 44 x 44 elements, stress criterion 1 for delamination
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9 Time / secs

Fig. 4 Out-of-plane displacement at the panel centre (maximum
34.7 mm) using Abaqus/Implicit
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Fig. 5 Out-of-plane displacement at the panel centre (maximum
31.1 mm) using Abaqus/Explicit

ically model the separation of the delaminated layers.
Also the frequency content of the load is acceptable
and gives some confidence that the damage can at least
be captured in a qualitative manner.

In the numerical simulations it is found that the
maximum matrix/fibre damage area is always largest
nearest the top and bottom surfaces decreasing in size
towards the centre. Delamination damage follows a
similar, less symmetrical pattern, with maximum
delamination occurring near the bottom face of the
panel. In contrast, the tests show delamination all the
way through the thickness, more so near the centre of
the plate followed by layers near the outer faces. This
corroborates the fact that the plate is thick and the
transverse stresses will be influential in the delamina-
tion process. The maximum bending stresses (respon-
sible for matrix cracking/crushing and an initiator of
delamination) together with the normal transverse
stresses would have been largely responsible for the
delamination found nearer the surfaces. The transverse
shear stresses although strongly influential throughout
the thickness, are the most responsible for the delam-
ination in the central region of the plate where they are
highest (see Fig. 7).

Abaqus/Standard simulation gives a larger matrix
and fibre damage area compared to the Explicit
analyses; an average of 0.31 x 0.31 m*> compared to
0.18 x 0.18 m>. The shape of the damage is also
dissimilar, attributed to the differences in the two shell
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(ii) Fibre damage,
Abaqus/Standard.

(i) Matrix damage,
Abaqus/Standard.

(iv) Fibre damage,
Abaqus/Explicit.

(iii) Matrix damage,
Abaqus/Explicit

Fig. 7 (i-iv) Matrix and fibre damage using the Hashin 2D
criteria

element types. The rectangular shape is generated with
the continuum shell largely due to the better contact
obtained between the tup and the plate. Conversely,
the ordinary shells produce a delamination pattern,
which is in the shape of a cross. With all simulations,
the maximum matrix damage and fibre damage size
falls within the size of the largest delamination area,
Fig. 8, and the matrix damage may possibly be some-
what under-predicted.

The maximum area of delamination given by the
Explicit analysis using the energy from impact tests to
model the delamination, compares very closely to that
obtained from the test results. Figure 9(i) shows the
delamination area at the bottom RR-layer for the FE
analysis and Fig. 8 shows the delamination through the
thickness from a C-scan for one of the full-scale impact
tests. The extent of delamination area obtained near
the centre layer is shown with the yellow colouring (the
largest shaded area). The maximum delamination is
under predicted using the stress based criteria, see
Fig. 9(ii) and (iii) and no delamination develops when
applying the critical energy for fracture energy values.

Figure 10 shows the delamination through the
thickness obtained from the Explicit analysis and the
continuum shell elements. The profile demonstrates a
larger proportion of the delamination occuring on the
bottom face of the panel, reducing to practically zero

@ Springer

Fig. 8 The variation in colours shows the extent of delamination
through the layers for one of the impact tests for a 5 x 5 ft panel.
(Damage area in inches, only central portion of plate shown.)

(ii) Stress criterion 1,
Abaqus/Explicit

(i) Energy, impact
Abaqus/Explicit

(ii1) Stress criterion 2
Abaqus/Standard

Fig. 9 (i), (ii) & (iii) Showing the extent of delamination
produced from the FE analyses

about one third from the top This distribution of
delamination is not correct following the scan results,
showing under-predictions at the centre and for the top
half of the plate.

Abaqus/Explicit has many advantages over Abaqus/
Implicit, including faster run times and no convergence
problems, however one of the drawbacks is the large
memory usage when using the VUMAT subroutine,
namely because of the storage of the state dependent
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0.15 ] ‘ top of panel

0.17

Delamination
area / m"2

0.05 1
RR-layer

0+— 1
bottom of panel

Fig. 10 Delamination through the thickness from Explicit
analysis using SC8R elements

variables. However, overall it captures the dynamics of
the problem more accurately.

Small plate impact

Composite plates of 0.2286 x 0.1778 x 0.00638 m
(9 x 7 x 0.25 in) were tested under impact. The o.0.p
displacement was measured by double integration of the
load/time curves obtained from the load cell. Sixteen
tests were carried out to see the effect different tup sizes
and tup masses have on the o0.0.p displacement, contact
force and incurred damage. Four of these tests are
compared to FE results using SC8R elements in Abaqus/
Explicit using a VUMAT. The laminate has nine woven
plies and is modelled as an orthotropic material.

The impact velocity is practically the same for the
four tests examined, a value of 4.6 m/s. The test results
are detailed in Table 5. As with the larger plate
simulations, the critical energy for failure criterion
obtained from the impact tests is applied to the RR-
layers and Hashin’s 2d stress based failure criteria is
used at the woven plies.

Modelling variables

In this section, all of the following FE analyses are
carried out to see the effect of different variables on an
FE model of Test 9 (254 mm, 18.7 kg tup). Two
modelling variables are examined: the mesh density
and the number of elements through the thickness. The
model “coarse2” has a coarse mesh of 34 x 44 x 2
elements; 34 along the shorter length of the plate and
two elements stacked through the thickness. The
analysis “Fine2” uses a finer 56 x 72 X 2 element mesh
and analysis “Fine9” has 56 x 72 x 9 elements (nine
elements through the thickness). Due to the larger
number of elements, analysis “Fine9” is carried out
using symmetrical boundary conditions on a quarter
plate model.

Figure 11 shows the o.0.p displacement obtained for
the three different analyses. The surface mesh density
has negligible effect on the out-of-plane displacement
but the number of elements stacked through the
thickness from 2 to 9 does reduce the magnitude of
this displacement by about 0.5 mm. The contact force
from these analyses is also shown in Fig. 12, showing
insignificant differences between them.

The average section normal transverse stress,
SSAVGH6, can be outputted across the plate for any
of the elements. SSAVGS6 is largely affected by the
mesh density, particularly by the number of elements
through the thickness. The variation of SSAVG6 is
examined at a location “A’ shown in Fig. 13, a
distance of approximately 16 mm from the centre of
the plate. This location is chosen as it is close to the
impact site yet it is not affected by some of the
irregularities experience at the contact area between
the tup and the plate. Every woven ply and RR-layer
has three section points but the SSAVG6 is outputted
at the single integration point at the centre of each
element.

Increasing the number of elements through the
thickness provides a sharper stress output, as each
stress is calculated from the strains at the element
centre: the more elements the less deviation of the
average values from the maximum or minimum across
the section. Figure 14 demonstrates how larger and
more detailed normal transverse stresses are averaged
with nine elements through the thickness compared to
two elements through the thickness. The “B” in the
legend script refers to the element at the bottom of the
plate and “T” the element at the top of the plate. With
analysis fine9 there are seven elements also in between.
All analyses show that the tensile normal transverse
stresses occur on the underside of the plate and the
compressive stresses develop on the top side of the
plate. The model with nine through-thickness elements
estimates that the positive tensile stresses are larger
than the negative compressive stresses, whereas the
same model with only two through-thickness elements
estimates the reverse, although this difference is small.
Moreover, the stresses provided by analysis fine9 are of
an order of magnitude of up to 50 times larger than
those from fine2.

The variation of the transverse normal stress
through the thickness /4 is shown at three increments
in time for analysis fine9, see Fig. 15, where z is the
distance from the mid-surface of the plate. The
maximum tensile SSAVG6 values occur at maximum
impact, reducing in value as the tup is close to full
separation from the plate, resulting in a smaller
difference between the magnitude of the compressive
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damage compared to Test 1
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Fig. 12 Contact force versus time—Test 9 and FE simulations of
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Fig. 13 Location “A’: approximate location at which SSAVG6
values were taken through the thickness for all the analyses

and tensile values at the top and bottom faces,
respectively.

The contours of SSAVG6 for analysis fine9 at the
point of maximum o.0.p displacement are shown in
Fig. 16. The figure also indicates the stack of elements
outlined in red, location A, from which these trans-
verse stress values were outputted for plotting. The

element with the maximum tensile normal transverse
stress value is at the bottom of the plate where
delamination is very pronounced in both the FE
simulations and the tests. The high tensile stresses act
to pull the plies apart significantly and can cause
“spawling”’.

Based on the tensile and compressive through-
thickness test data, the analysis with nine through-
thickness elements is probably a better approximation
of the SSAVG6. We know from experiment that
delamination in and around the impact site occurred
throughout the plate thickness more so near the lower
surface. The largest delaminated area visually
inspected from the lower surface in test9 was measured
as 0.0381 x 0.03175 mm (1.5 x 1.25 in) and the cross-
section photo (similar to that shown for test 13 in Fig.
24) shows prominent delamination of the bottom layer.
Thus delamination also occurred at location A on this
bottom face and would have been initiated by trans-
verse matrix cracks in the adjacent ply resulting from
the large bending stresses and developed largely due to
the high normal tensile stresses. The maximum
SSAVG6 value obtained from analysis fine9 is
350(10%) N/m?, which exceeds the 21-40 kN quasi-
static through-thickness tensile strength values in
Table 2 and most likely that also any dynamic values
measured in future tests. Thus these predicted tensile
SSAVG6 stand-alone values would indicate almost
certain delamination at this location.

In test9 delamination is also seen at the top face
however the maximum compressive SSAVG6 values
predicted in fine9 are of about 75(10°) N/m? which is
less than the compressive strength values from quasi-
static test data shown in Table 2 (giving values of over
500(10%) Nm?). They are also up to four times smaller
than the 400(10°) N/m? strength values obtained from
the 100s™' strain rate compressive tests on the
Corvette composite hull material. These delaminations
are therefore largely propagated by the transverse
shear stresses. Matrix crushing of theals top surface e is
evident at the centre of the whitened area.

The energy criteria used for delamination does not
differentiate between compressive and tensile stresses
and the through-thickness stresses are not considered
where shell elements are concerned. However, the
in-plane stress predictions used in the energy equation
are affected by the number of elements through the
thickness. Figure 17 shows the delamination through
the thickness for the quarter plate model FE analysis
fine9.

The delamination for analyses fine9 and fine2 is
shown in Figs. 18 and 19. For both analyses the area of
delamination is shown to be greatest for the RR-layer
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Fig. 14 The average normal
transverse stress versus time,
SSAVG6 for FE analyses
modelling damage
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Fig. 15 SSAVG6 values from FE analysis “fine9”

at the bottom of the plate, decreasing towards the
centre of the plate and then increasing a little again
towards the top surface. Analysis fine2 predicts delam-
ination throughout the thickness, unlike fine9 showing
damage on the top and bottom surfaces and two intact

Fig. 16 SSAVG6 through the
thickness at maximum o0.0.p
displacement for the analysis
fine9, a quarter plate model
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Time / secs

layers in the centre. Although the tests show delam-
ination more extensively towards the top and partic-
ularly at towards the bottom of the plate, there is as yet
no C-Scan data to assess the variation in the delam-
ination seen in the FE results. What is known is that
the maximum test delamination area at the bottom of
the plate is more closely approximate by fine2 than
fine9, whereas the opposite can be said about the
maximum delamination within the top half of the plate.
The number of elements through-the-thickness will
affect the position of the eight RR-layers within the
shell elements, thus outputting comparably varying in-
plane stresses at the RR-layer integration points.
Because the delamination model is one based on
plane-stress, the amount of predicted delamination
thus varies between models of varying through-thick-
ness mesh densities. Table 6 shows a summary of test 9
results and the FE simulations of this test. In terms of
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Fig. 17 Delamination
through the thickness,
analysis fine9 E

0.0025 W
0.002
0.0015 ~

0.001 ~

Delamination / mA2

0.0005

Fig. 18 Delamination damage through the thickness for FE
analysis “fine9”

0.00251

Delamination area /m"2

Fig. 19 Delamination damage through the thickness for FE
analysis “fine2”

Table 6 Summary of test 9 results and FE simulations of test 9

Analysis  Max Max. Max. SSAVG6  Delam. on
0.0.p normal  (ten. & com.)/ bot.
disp./m  contact  10° N/m>* RR-layer/

force/N 107 m?

Coarse2 17.2 30.2 +19 1.11

-94
Fine2 173 28.2 6 1.11
-15

Fine9 16.68 29.9 350 241

=75

Test 153 26 - 1.45

# Maximum always on centre element, lower face

disp., displacement; ten., tension; com., compression; delam.,
delamination

the in-plane critical energy criterion used at the RR-
layers, increasing the number of SC8R elements
through the thickness does not increase the accuracy
of the delamination damage predictions at these layers.

The in-plane density of the mesh has no significant
effect on the delamination predictions through the
thickness and the same delamination area is predicted
at the bottom of the plate for coarse2 and fine2
analyses, see Fig. 20(i) and (ii). However, the maxi-
mum through-thickness stresses are noticeably
affected, as seen with “fine2” and ‘“‘coarse2” in Fig.
14. The delamination damage for the three different
mesh analyses is shown for the RR-layer at the bottom
face of the plate for test9 with Fig. 20(i—iii).

Test results of delamination damage at the top and
bottom faces of the plates for tests 1, 3, 9 and 13 are
shown in Table 7 together with their FE simulations
carried out using a 56 x 72 x 2 element mesh. Maxi-
mum delamination damage is captured relatively well,
although slightly under-predicted again particularly at

@ Springer



6668

J Mater Sci (2006) 41:6655-6672

Fig. 20 (i-iii) FE analyses,
showing delamination
damage after impact at the
bottom face of the plate, (iv)
test 9 results for the bottom
face, (v) test 9 results for the
top face

(i) coarse2

(ii) fine2 (iii) fine9.

Quarter-plate model

(iv) Test 9, bottom face.

(iv) Test 9, top face.

Table 7 Delamination results for tests 1, 3, 9 and 13 and damage prediction from their respective FE simulations

Test Test, delamination area/ FE, delamination area/m FE, matrix damage area/m (in)

FE, fibre damage area/m

m (in) (in) (in)
1 BOT: 0.0381 x 0.0381 0.0286 x 0.032 BOT: 0.04445 x 0.060325 BOT: 0.05715 x 0.03175
(1.5 x1.5) (1.125 x 1.245) (1.7499 x 2.375) (225 x 1.25)
TOP: 0.0381 x 0.0254 TOP: zero
(15 x1)
3 BOT: 0.0381 x 0.0381 BOT: 0.03175 x 0.03175  BOT: 0.057 x 0.073 (2.24 x 2.87) BOT: 0.057 x 0.0381
(1.5 x1.5) (1.25 x 1.25) (224 x 1.5)
TOP: 0.03175 x 0.0254  TOP: 0.0127 x 0.0127 TOP: 0.035 x 0.058 (1.38 x 2) Note: Not TOP: 0.0381 x 0.016
(125 x 1) (0.5 x0.5) included is damage at corners (1.5 x 0.63)
9 BOT: 0.0381 x 0.03175 BOT: 0.03175 x 0.04445  BOT: 0.0635 x 0.0889 (2.5 x 3.5) BOT: 0.07 x 0.057
(1.5 x 1.25) (1.249 x 1.748) (2.76 x 2.24)
TOP: 0.03175 x 0.0254  TOP: 0.0127 x 0.0159 TOP: large cross shape from corners TOP: 0.0381 x 0.019
(125 x 1) (0.5 x 0.63) (1.5 x 0.75)
13 BOT: 0.0381x 0.0381 BOT: 0.04445 0.04445 BOT: 0.083 x 0.095 (3.27 x 3.74) BOT: 0.073 x 0.07
(1.5 x1.5) (1.75 x 1.75) (2.87 x 2.75)
TOP: 0.05715 x 0.03175 TOP: 0.015875 x 0.01905 TOP: large cross shape from corners TOP: 0.0381 x 0.019
(2.25 x 1.25) (0.625 x 0.75) (1.5 x 0.75)

Top, top layer of plate; bot, bottom layer of plate

the top of the plate. Matrix and fibre damage on the
other hand is substantially over-predicted in the FE
analyses, with top layers appearing to suffer corner
damage also, propagating towards the centre at the top
ply. Generally we can say that Hashin’s 2D failure
criterion does not work satisfactorily in these simula-
tions, producing unpredictable results.

Even for larger mass differences, simply increasing
the mass of the tup will not generally increase the
delamination area, as shown with testsl and 2. Test 2
used a tup mass that was double that of testl. The

@ Springer

delamination areas were the same but the extra impact
energy in test 2 was expended in penetrating the plate.
This was also proven for test 13 and test 12. In order to
increase the delamination damage to the plates and
prevent penetration, both the diameter and mass of the
tup should be increased in the same test, as demon-
strated through tests 15 and 16.

Photos of the damage incurred to the plates in tests
3 are taken for the bottom of the plate, see Fig. 21,
shown together with its respective FE result. Delam-
ination on the top and bottom face is shown in Fig. 22
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(i) Test 3, delamination bottom face

[

(ii}-FE, delamination bottom face

Fig. 21 Delamination damage on the bottom face, (12.7 mm tup,
13.33 kg) (i) test 3, close-up of damage (ii) FE simulation of test

Fig. 22 Delamination
damage Test 13 and FE
simulation (38.1 mm tup,
26.19 kg)

i

:"".}."-_;'T_‘ —_3 5 :
(i) Test 13, d

m , 0.140m (5.25in)

(ii) FE, delamination top face

for test 13 and its FE simulation, and the delamination
through the thickness is well captured in the FE model
as shown with Fig. 23.

The o.0.p displacements at the centre of the plates
impacted with the smallest tup, measuring 12.7 mm
(0.5 in) in diameter are slightly over-predicted through
the FE analyses by about 1 mm (0.04 in), shown in
Fig. 24. However, the larger 38.1 mm (1.5 in) diameter
tup with a larger mass, test 13, produced a maximum
o.0.p displacement of nearly 23 mm, compared to the
under-predicted 20 mm in the FE analysis.

The maximum contact force for Test 1 was mea-
sured as 15.5 kN compared to 19 kN in the FE analysis.
Test 3 shows a maximum contact force of 20.35 kN,
compared to 26.1 kN through FE. The largest differ-
ence between measured and predicted contact forces
was for test 13; a 37% difference. All the other finite
element analyses predict higher contact forces by up to
16% compared to experiment. However, the maximum
contact force for the FE analyses are taken as the
peaks of the contact force plots, which do see some
oscillations. Taking instead, an average of the oscilla-
tions at peak contact, would bring the FE values down
(see Fig. 25).

The tup in test 13 did not penetrate the plate but
there was substantial damage in the form of delami-
nation damage and matrix cracking on the bottom of

—>

(iv) FE, bottom face
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(i) Test 13, delamination through the thickness
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g & SE04 234 RR-layer
0.E+00 1

(ii) FE, delamination through the thickness

Fig. 23 Delamination damage, Test 13 and FE (38.1 mm tup,
26.19 kg). (i) Through the thickness, test (ii) Through the
thickness, FE
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Fig. 24 Out-of-plane displacements at the plate centre versus
time for tests 1, 3 and 13 and their FE simulations
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Fig. 25 Normal contact force versus time for tests 1, 3 and 13
and their FE simulations
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the plate, with fibre failure occurring for some of the
fibres in one or two bundles at the plate centre.
However, the extent of matrix and fibre damage
predicted with Hashin’s criteria is again excessive.
The in-plane damage modelled using the Hashin stress
criteria was more extensive on the top and bottom
layers only than in the test results, as shown with
Fig. 26, but the effect is limited. Had the delaminated
layers been physically modelled as separating, the FE
0.0.p displacement would be larger and the contact
force smaller. Although some of the stress will be
carried by the membrane forces, the largest deforma-
tion (given the plate’s width-to-thickness ratio and the
simply supported boundary conditions) is in bending
and transverse shear deformation. The transverse
stiffness of the plate remains intact through-out the
analysis therefore the FE analysis predicts that it is
able to support more shear stress than in reality. The
matrix damaged regions seen in Fig. 26 result in
in-plane property degradation of that region which
would only have a Poisson’s effect on the change in
thickness of the plate and will not affect the transverse
strength, which may have been more damaged with the
38.1 mm (1.5 in) tup than with the smaller tups. This
may be one reason why this test saw a proportionally
larger over-prediction of the contact force and under-
prediction of the o.0.p displacement compared to the
smaller tup tests.

The cross-section of the plate in test3 after impact
testing, corroborates the large effect of the tensile
normal transverse stresses. The plate shows significant
delamination near the bottom face of the plate where
the tensile transverse normal stresses are acting to pull
the plies apart. The top of the plate saw matrix
crushing and some surface indentation, a characteristic
witnessed in all the impact tests (see Fig. 27).

Conclusion

This work is aimed at modelling the shock loading
response of large and small composite panels. The
paper discusses a delamination model using resin-rich
layers (RR-layers) that are modelled in between every
ply.

The thick-shell and resin-rich layer (RR-layer)
model can be applied to any composite and relies on
a failure criterion at the RR-layers to depict delami-
nation failure between two plies. The simple energy
criterion at the RR-layers provides better results over
the two simple stress criteria also tested. Here the
energy value for failure requires the knowledge of the
contact force; an empirical derivation chosen to
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Fig. 26 Matrix cracking on
the bottom, middle and top
layers of testl, 9 and 13 FE
simulations

(1) Testl, bot

(ii) Test9, bot

(111) Test13,
bot

Fig. 27 Cross-section of the plate in test 6 (12.7 mm, 16 kg),
showing delamination on the back face

minimize the errors in the assessment of the resin-rich
layer and energy concept. The method for obtaining an
expression for this energy that is independent of each
test is outside the scope of this work. What we can

mid top

mid

mid

surmise is that the critical fracture energy value
obtained from full-scale impact tests was relatively
successful in this model unlike the value obtained from
mode I fracture tests.

The delamination predictions obtained from all the
impact test simulations are encouraging but ideally a
3d energy criterion is required. However, the main
advantage of this 2d energy criterion for delamination
is that it can be applied to shell elements and still
obtain a reasonable prediction of the maximum
delamination size. The criterion is also simple and
quick to use and for the meshes tested is little affected
by in-plane mesh density.

The density through the thickness (i.e., the number
of stacked elements) is particularly influential on the
through-thickness stress predictions and to a lesser
extent on the in-plane stresses. For the meshes tested,
the mesh density appears to have a negligible effect on
the contact force, provided that the relative mesh size
between the tup and the mesh are adequate.
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The fibre and matrix damage predictions are not so
agreeable. Hashin’s 2d stress criteria in the prediction
of these two damage modes is not reasonable or
consistent between tests. The matrix damage for the
large plates (which have clamped boundary condi-
tions), is possibly a little under-predicted yet the fibre
damage does not occur as extensively as predicted. The
smaller, simply supported plate simulations show
overly large areas of both damage modes.

The out-of-plane displacements obtained from the
FE analyses on the small plates are all very conserva-
tive and this may be improved with a strain rate model.
The ability to model the rate dependency of the
material in the transverse direction could make a
substantial difference to the FE results with regard to
the out-of-plane stresses and strains. Using layered
3D solid (brick) elements could be one potential
solution, however unlike Abaqus/Standard in
Abaqus/Explicit the facility for layering currently does
not exist.

There are restrictions in Abaqus/Explicit that pre-
vent the efficiency of damage modelling of plate
structures. The continuum shell elements are new to
Abaqus; they can be stacked and appear to provide
good normal transverse force predictions. However,
the transverse force and stress estimates can be
outputted but cannot be used in any subroutine, thus
limiting the practicality of the SC8R element and
preventing the implementation of a 3D failure
criterion. In addition, only the in-plane material
properties can be degraded as there is no control
over the through-thickness moduli. Although the
continuum shells have their advantages over thick
shell elements they have yet to be further developed
and they are currently of limited practicality in failure
modelling.
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