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A B S T R A C T

The capability to accurately analyse the response of multi-directional composite laminates during impact events
is of high importance for the design of lightweight aircraft structures. In this work, both experimental and
numerical analyses are performed covering a large design-space of laminates for all aspects from on-set of
damage and barely visible impact damage up to clearly visible impact damage and full penetration of the
laminates. The impact tests are simulated using a sophisticated three-dimensional continuum damage model,
combined with an automated meso-scale model generation algorithm for ply-by-ply, material/fibre-aligned
meshing of laminated composite coupons. To assess the accuracy of the predictions, an extensive validation
test program of several configurations and impact energies has been performed, thus demonstrating that the
simulations are capable of accurately predicting the damage and failure mechanisms under low-velocity impact
loading. Not only the evolution of impact loads and energy dissipated are numerically analysed, but the
competition of the dominant failure mechanisms from low impact energy and full penetration cases are also
macroscopically replicated.
1. Introduction

Damage resistance of composite materials under impact events and
their residual strength is a key factor in the design of aircraft structures.
However, it is difficult to optimize the design of these structures due
to the vast amount of design possibilities and it requires extensive and
costly experimental trial-and-error testing campaigns to meet certifica-
tion requirements. The impact event can happen during manufacturing,
servicing or maintenance operations, such as tool dropping. While
barely visible small indentations are produced on the surface by low
energy impacts, internally, structures are degraded in a variety of
hidden failure mechanisms such as fibre breakage, matrix cracking,
kink-banding and delamination. As it is difficult to detect these dam-
ages during inspections, this means that aircraft structures have to be
designed to account for Barely Visible Impact Damage (BVID). The
terminology is introduced to describe structural damage or defects in
relation to inspection procedures used in the aerospace industry. Low-
Velocity Impact (LVI) and Compression After Impact (CAI) tests are
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commonly used for the evaluation of damage resistance and residual
strength of composite materials to develop design data. However, due
to the massive number of design variables, material properties and the
complexity for the analysis of failure mechanisms, reliable design tools
and novel damage modelling approaches have received considerable
interest of the transportation sector.

Simplified and high-fidelity computational models have been devel-
oped by several authors to investigate LVI for composite laminates [1–
3]. Bogenfeld et al. [4] present a detailed review and benchmark study
for impact simulation modelling techniques, concluding that the best
meso-scale modelling approach for the analysis of impact damage,
should include the combination of both, cohesive surfaces and finite
solid elements. Examples of LVI and CAI simulations using this ap-
proach by applying stacked layer models formulated in the context
of continuum damage mechanics (CDM) can be found in [5–8]. These
works primarily employ detailed meso-scale (ply-by-ply meshing) sim-
ulations that combine cohesive zone modelling (CZM) to predict the
vailable online 8 February 2022
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interlaminar failure and CDM for intra-ply damage. To achieve better
level of detail in terms of damage predictions, high-fidelity models
are recommended, although massive computation and modelling efforts
will be required. Both Bouvet et al. and Shi et al. [9,10], proposed a
model to predict the permanent indentation caused by LVI, validated on
a single reference layup at a given impact energy. Preventing closure
of matrix cracks was used to simulate ‘‘impact debris’’. An extension
of Bouvet’s work, was performed by Hongkarnjanakul et al. [11],
changing impact conditions for validation of the initial model by using
different stacking sequences, for a single impact energy value of 25 J.
In addition, Rivallant et al. [12] used the same modelling approach, to
perform numerical simulations of impact damage, permanent indenta-
tion and CAI for different impact energy values for a single laminate
configuration. Delaminations, matrix cracking and their interaction
were simulated using interface elements based on fracture mechanics
and intralaminar failure criteria, respectively. In all these previous
works, the overall goal was to capture the macroscopic behaviour and
the interaction of failure mechanisms described by delaminations, fibre
failure, and matrix damage, as well as a physically sound kinematic
response.

As a general overview, despite the evolution of modelling tech-
niques for the analysis of composite materials under transverse loading
such as impact, the capability to efficiently predict both interlaminar
and intralaminar damage mechanisms, as well as permanent indenta-
tion, still remains a challenging task. Although several previous works
showed good predictions in comparison with experimental results,
relatively few laminate configurations were analysed in each study. In
most cases, very simple stacking sequences, such as quasi-isotropic or
cross-ply layups, were evaluated for few impact energy values or cases
without full penetration [13,14]. In addition, most studies focused on
the prediction of interlaminar damage, with less importance given to
the physical prediction of intralaminar damage mechanisms [15–19].
Furthermore, other numerical modelling approaches required calibra-
tion of the input parameters through a numerical tuning process e.g. by
considering fracture energy balance criteria [20,21].

In terms of intralaminar damage in particular, a remarkable im-
provement in the modelling technique for the predictions of the mate-
rial cracks can be achieved by including aligned-mesh structuring. Sun
et al. [22] implemented a modelling approach using interface elements
with a CZM approach to model the local response of delamination,
matrix cracks and their interaction for a static indentation virtual
test. Further analysis compared high-fidelity 3D solid finite element
with a coupled solid/shell modelling technique. This approach was
suitable for capturing the global damage behaviour in larger scale
structures under low-velocity impact events [23]. It was concluded that
level of correlation in terms of damage predictions increases with the
number of potential intralaminar crack paths inserted in the model and
aligned with the material orientations. A similar modelling approach
using interface elements with CZM formulations was used by Bouvet
et al. [9,24], implementing a Discrete Ply Modelling (DPM) combined
with a user-defined ‘VUMAT’ subroutine using aligned-meshes, where
positions of nodes are uniformly stacked in row and column for all ori-
ented plies. Zero-thickness 3D cohesive elements were used to impose
the region of matrix cracking for the prediction of both intra and inter-
laminar damage modes. By using this ’ply-splitting’ technique, cracks
were captured as real singularities in the ply. A similar structured-
aligned mesh discretization with coincident node locations through
thickness, was used by Lopes et al. [25], but in the context of a CDM
approach, as a less expensive alternative to the discrete approach,
combined with CZM formulations for the interlaminar damage predic-
tion. However, using this mesh procedure, only stacking layups with
conventional material orientation angles can be addressed and the plies
with ±45◦ were meshed with ‘diamond’ shaped elements. In order to
overcome this limitation for modelling complex stacking sequences,
2

Trellu et al. [26] developed a user element for delamination calculation
in non-conforming meshes, allowing the definition of an interface cor-
responding to the overlapping zone between the two volume elements.
Another solution to tackle this problem is by using a ‘surface-based
cohesive’ contact formulation, available as standard feature in most
commercial FEA software packages.

The CDM modelling approach based on aligned-mesh structuring
and crack-band erosion is suited to capture the crack paths and com-
plex interactions between competing damage modes. However, model
size in CDM analysis can be increased due to the limited element
characteristic length and requirement of having to place the refined
mesh over all potentially damageable regions for the homogenization
of cracks. Optimization of these damage zones is a critical factor to
avoid compromising the efficiency of the analysis. Recent advances in
the area of computational damage mechanics and meso-scale modelling
of multidirectional fibre-reinforced laminated composites have been
deployed in a virtual testing framework to simulate the mechanical
performance of un-notched and open-hole coupons under tension and
compression, for both conventional and dispersed stacking sequence
laminates [27,28]. Despite the computational cost of these models, they
can produce many insights into the mechanical behaviour and aid in
the development of the experimental testing and design allowables.
While previous efforts were applied primarily to in-plane loading, in
this work, the virtual testing framework is extended to out-of-plane
loading cases. The intention is to demonstrate that the implemented
methodology is robust enough to perform reliable virtual testing of
multi-directional laminates for general loading conditions. More appli-
cation and improvement by the authors for the prediction of matrix
dominated failure modes and ply splitting using this framework with
aligned mesh can be found respectively in [29,30].

The originality of this work is focused not only on validating the
proposed modelling approach by correlating the numerical simula-
tions across a sufficiently wide range of cases with different layup
configurations, but also for several impact energy values including
cases with full penetration. The implemented framework can capture
the complexity of the physical phenomena, which includes dynamic
structural behaviour and loading, contact interactions, friction, damage
and failure. In addition, the underlying idea behind the present re-
search, is that reliable constitutive modelling alone may not be enough
to guarantee accurate FE simulation of both damage and failure in
composite materials. It needs to be associated with a good kinematic
description of the laminate failure modes and a proper modelling
discretization using fibre-aligned meshes. By using this combination,
competitions and interaction of different damage modes and failure
patterns can be realistically predicted. The CDM proposed here avoids
the use of CZM at all element interfaces used by the discrete meth-
ods mentioned before, which penalize the numerical efficiency. This
study demonstrates that not only qualitatively similar results can be
achieved, using CDM, but also a high detailed reconstruction of the
damage mechanisms, by using mesh-alignment and element erosion
techniques. Some previous works have applied extended finite element
approaches with high complexity [31] or advanced methods like phase
field modelling [32], which require more development and maturity
for application on impact loading scenarios in laminated composites.

In this paper, the modelling strategy has been improved and com-
bined with different physically-based damage models to predict the
material behaviour under LVI. The virtual laboratory is embedded in a
commercially-available explicit FE solver tool (ABAQUS/Explicit [33]),
including the following as main characteristics. A three-dimensional
CDM for unidirectional FRP plies, implemented through a user-defined
‘VUMAT’ subroutine with explicit integration scheme, is used to model
intralaminar failure. The improvements of this formulation include
among others: first, an extension to three-dimensional loading scenarios
of the initial plane stress formulation proposed by Maimí et al. [34].
Second, a more accurate physically-based failure criteria, which takes
into account the three-dimensional stress states and in-situ effects for

the prediction of the onset of matrix cracking and fibre fracture [35].
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These aspects are considered to be important for the analysis because
significant out-of-plane loading is presented due to the bending be-
haviour during the impact. Third, the modification of Bažant’s crack
band model [36], to ensure a mesh independent solution by using two
independent element characteristic lengths. A surface-based cohesive-
frictional modelling algorithm (native of ABAQUS/Explicit) to model
ply interfaces is used. These characteristics are relevant to predict
permanent indentation which is taken into account and simulated by
using nonlinear shear formulation of the intra-laminar damage model
and by cohesive surface interaction combined with static friction of
opposing crack planes preventing the delamination from closing. An
automated meso-modelling generator for multi-directional laminated
coupons with controlled mesh size, ply-by-ply mesh-alignment and
directional biasing to predict damage localization along physically-
sound crack paths permits rapid model creation. Rotated, perfectly
rectangular elements have been used instead of diamond shapes. In
addition, the initial mesh generator was improved to allow different
mesh discretization of components or damageable zones, which can be
extended until coupon edges or just in a central area.

Finally, the highly detailed and extensive experimental campaign
is used to validate the numerical simulations by comparing the force–
displacement curves, energy absorption, impactor velocities and frac-
ture morphology. An analysis of the predicted delamination areas is
presented for all laminates impacted at BVID energy threshold val-
ues and the computational cost of the simulation campaign is also
discussed. Overall, good agreement between the simulations and ex-
periments is observed. Several cases are reported demonstrating the
strengths and weaknesses of the implemented approach.

2. Low-velocity impact testing and experimental results

The experimental campaign follows the set-ups provided by a stan-
dard test method from Airbus, AITM1-0010 [37], for measuring the
damage resistance of a fibre-reinforced polymer matrix composite lam-
inates when subjected to a drop-weight impact event. In this test,
the impact load and the evolution of the absorbed energies were
monitored using a commercially available Instron Ceast 9350 (Frac-
tovis Plus, Italy) instrumented drop-weight tower, with a 12.7 mm
diameter hemispherical impactor (𝐷) and an automatic anti-rebound
mpactor system. The damage induced by a low velocity impact event
s evaluated by measuring size of the indentation and extent of the
nterlaminar delaminations. Equivalent guideline for a drop-weight
mpact test provided by the aeronautical industry can be found in
STM D7136/D7136M-05 [38] and Boeing 7260 [39]. One difference
etween the AITM1-0010 and ASTM D7136/D7136M-05 or Boeing
260 is the location of the clamps. In the former case, the clamps are
ocated inside the support cut-out region.

The specimens with 150 × 100 mm in-plane dimensions are placed
ver a flat support fixture base with a 125 × 75 mm rectangular
ut-out which allows the impactor to contact through the specimen
ithout interferences and centrally positioned by using guiding pins.
he impact tester is equipped with a load cell of 22 kN attached to the

mpactor, an automatic pneumatic rebound brake system, and an edge
upport in accordance to AITM1-0010 [37]. Four clamps were used to
estrain the specimen during impact with a minimum holding capacity
f 1100 N [38] (see Fig. 1).

.1. Experimental test matrix

The experimental test matrix includes five different laminate con-
igurations with the following percentage ratios of plies in the 0◦,
45◦, and 90◦ directions: 30/60/10 (361), 33/50/17 (351), 25/50/25

252), 10/80/10 (181T), where (T) is to account for thick laminates
nd 12.5/75/12.5 (181). The corresponding stacking sequences are
resented in Table 1. The laminates are all balanced and symmetric,
nd contain both dispersed and lumped plies. The laminates studied
3

ere are all relatively soft with the highest percentage of 0◦ plies being
3%. The different laminates will be referred to by the aforementioned
ly percentage ratios for the remainder of the paper. Laminates were
anufactured at GKN Aerospace: Fokker facilities in The Netherlands,

nd cured in an autoclave following the cycle specified by the supplier.
ll panels were inspected with C-scans before testing to verify the con-
olidation quality. Measurements of the panel thickness indicate that
he panels were reasonably uniform and within tolerance according
o the test standards. After curing the laminates, the specimens were
ut using a 2.5 mm thick diamond blade at IMDEA Materials Institute,
pain.

.2. Experimental evaluation of the barely visible impact damage energy
hreshold

Drop-weight impact tests are performed to the study the damage
esistance to low-velocity impact at several impact energies in order to
etermine the required BVID impact energy for each laminate. After
mpact testing, C-scans are performed to determine to size and location
f the delaminations and the indentation depth is measured. The BVID
nergy threshold is defined by the impact energy value that results in
mm (𝐸1𝑚𝑚) of permanent dent [40]. The specimens were subjected

o drop-weight impact, in a range of energy values between 10 J to 70
. Since the repeatability of the drop-weight impact test is acceptable,
nly one sample for impact energy value was used. Whereas two
pecimens of each configuration where impacted for both 30 J and
mpact energy threshold. In order to determine the threshold of BVID,
he permanent indentation 𝑑𝑑𝑒𝑛𝑡 was measured 30 min after the impact
vent using a depth gauge and equation (𝑑𝑑𝑒𝑛𝑡 = 𝑑𝑚𝑎𝑥 − 𝑑𝑚𝑒𝑎𝑛) [37]. For
ll tested configurations, a record of indentation depth as a function
f the impact energy and BVID energy threshold is shown in Fig. 2(a).
n general, indentation depth was increasing with increasing impact en-
rgy until the full penetration of the laminate. Similar energy thresholds
ere found for the configurations with approximately similar thickness
nd percentage ratios of plies with 0◦, whereas the maximum energy
alue of 60 J was reached for the thicker configuration 361. An example
f permanent indentation on the impacted face and the associated
atrix cracks on the non-impacted face is illustrated on Fig. 2(b) for
configuration 252 impacted at 33 J.

.3. Impact load, delamination threshold and absorbed energy evolution
nalysis

A comparison of the corresponding histories of the impact loads as a
unction of the impactor displacement for each laminate configuration
mpacted with an energy value of 30 J are shown in Fig. 3(a, b).
he analysis of the impact load evolution determines the delamination
hreshold load 𝐹𝑑 , the peak load 𝐹𝑝 and the displacement evolution of
he impactor. The maximum force recorded during the impact process
s determined by the peak load 𝐹𝑝, whereas 𝐹𝑑 is identified by the
irst significant drop in the impact load, and represents the initial load
t which a significant change in the laminate stiffness is detected.
n addition, this value is also associated with the development of a
irst significant delamination. After this point, the material behaviour
s affected by the competition of several failure mechanisms. Fibre
reakage and matrix cracking can be located at the impacted zone,
hereas fibre–matrix interface debonding and large delamination due

he bending forces can be found throughout the laminate. At this
mpact energy level, the maximum displacement with rebound was
egistered for the particular case of the configuration 181T, whereas
or the configuration 181 full penetration was obtained by reducing
onsiderably the bending stiffness of the structure.

The impact force history 𝐹 (𝑡) is used to compute the velocity 𝑉 (𝑡)
nd displacement history of the impactor 𝑤𝑖(𝑡) by integrating the force
istory once and twice respectively, declared as follows:

(𝑡) = 𝑉0 + 𝑔𝑡 −
𝑡 𝐹 (𝑡)

𝑑𝑡 (1)
∫0 𝑀𝑖
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Fig. 1. (a) Specimen dimensions and detail of the support area and clamping points; (b) Impact support fixture system.
Fig. 2. (a) BVID threshold and experimentally-obtained relations between impact energy and indentations; (b) identification of permanent indentation for a configuration 252
impacted at 33 J [29].
Table 1
Test specimen layup definitions.
Laminate 𝑡 [mm] Layup 0◦ plies ±45◦ plies 90◦ plies

181 2.944 [45/-45/0/45/45/-45/-45/90]s 12.5% 75% 12.5%
181T 3.680 [45/-45/0/45/-45/90/45/-45/45/-45]s 10% 80% 10%
252 4.416 [45/0/-45/90/45/0/-45/90/45/0/-45/90]s 25% 50% 25%
351 4.416 [45/0/-45/0/45/0/-45/90/45/90/-45/0]s 33% 50% 17%
361 6.256 [45/0/-45/0/-45/45/0/-45/90/45/45/90/-45/0/0/-45/45]s 30% 60% 10%
𝑤𝑖(𝑡) = 𝑉0𝑡 +
𝑔𝑡2

2
− ∫

𝑡

0

(

∫

𝑡

0

𝐹 (𝑡)
𝑀𝑖

𝑑𝑡
)

𝑑𝑡 (2)

where 𝑉0 is the initial impactor velocity, (𝑔) is the acceleration due
to the gravity with value of (9.81 𝑚∕𝑠2) and (𝑀𝑖) is the impactor
mass [38].

A comparison of the elastic stiffness and the maximum impact force
between all configurations impacted at 30 J is shown in Fig. 3(c). The
4

first part of the results is the elastic regime of the impact process and
the delamination threshold starts almost at the same time but with
different values. The laminates with maximum and minimum elastic
stiffness correspond with the thicker configuration 361 and thinner 181
respectively. Whereas very similar stiffness was found for laminates
351 and 252 with equivalent thickness and bending. For laminates 181
and 181T the impact time increases because the bending stiffness of
the structure is reduced. With respect to the other configurations, 30
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Fig. 3. (a, b) Impact load evolution in function of displacement with impact energy 30 J; (c, d) Comparison for both impact load evolution and evolution of the absorbed energies
for all tested laminates impacted at 30 J respectively. The elastic energy and the dissipated energy are represented in the plot (d).
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J corresponds to a laminate damage level below the BVID threshold.
As expected, the minimum out-of-plane displacement was associated to
the thicker configuration 361. In addition, this particular configuration
presented the lowest difference between delamination threshold load
𝐹𝑑 and peak load 𝐹𝑝 in comparison with the others. This indicates that
changes in the stiffness during the impact are more progressive and
smooth for thicker laminates than for thinner laminates.

The absorbed energy evolution for each laminate for an impact
energy of 30 J is shown in Fig. 3(d). This plot shows how the impactor’s
kinetic energy is transferred to the laminate. This energy is dissipated
mainly by means of friction between the impactor and the laminate and
between the competition of different failure mechanisms, which include
indentation at the impact face, interlaminar delaminations, tensile
matrix cracking and fibre breakage triggered by local stresses. For cases
without full penetration of the impactor, part of the kinetic energy
it temporarily accumulated as elastic strain energy and transferred
back to the impactor. A portion of the accumulated energy is kept in
the form of specimen vibrations and dissipated by damping. At this
particular impact energy of 30 J, it is clearly illustrated how the major
dissipated energy values correspond with laminates 181 and 181T. For
the particular laminate 181 full penetration without impactor rebound
took place, and the impact energy was completely dissipated. Laminates
252 and 351 showed equal bending stiffness although the absorbed
energy for the laminate 252 was slightly greater. For the laminate with
lowest dissipated energy, close to the 50% of the impacted energy was
associated with the thicker configuration 361.
5

a

The energy absorbed by the specimen, 𝐸𝑎(𝑡), can be calculated using
he following expression:

𝑎(𝑡) =
𝑀𝑖

(

𝑉 2
0 − 𝑉 (𝑡)2

)

2
+𝑀𝑖𝑔𝑤𝑖(𝑡) (3)

A clear demonstration that the delamination threshold 𝐹𝑑 is inde-
endent of the impact energy is shown in Fig. 4(a). In this figure, the
mpact load is plotted as a function of the projectile displacement for a
ingle configuration, 181, impacted with five different impact energy
alues. In all cases, the delamination threshold was observed to be
lmost constant with a 𝐹𝑑 value around 4000 N, even for the particular
ases with full penetration impacted at 30 J. In addition, the projected
elamination areas were not affected by increasing the impact energies
eyond the BVID energy threshold. One explanation of this behaviour
an be attributed to the fact that the energy is dissipated mainly due
o crushing of the laminate. This is illustrated in Fig. 4(b) where the
elamination due to back-splitting is removed for the higher impact
nergies.

.4. C-scan after impact

After impact, ultrasonic C-scan inspections were performed to iden-
ify the projection of the delamination areas over the impacted spec-
men through thickness. In this work the delamination areas at ply
evel have been neglected and only the damage footprints were approx-
mately measured and illustrated in Fig. 5. For impact energy values
elow the energy threshold BVID, a circular shape of the projected
rea was observed. Whereas for higher impact energy values, the areas
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Fig. 4. (a) Impact load evolution in function of displacement for the configuration 181, (b) Projected area profile (configuration 181).
increase and shapes are distorted following an oval pattern with a large
aspect ratio and major axis aligned with the fibre orientation of the
delaminated ply. This phenomenon is mainly due to the increasing
delamination of the back face of the specimen. On the contrary, cir-
cular patterns for the projected areas were maintained for the thicker
laminate 361. For specimens with full penetration, a perfect circular
boundary is shown in the impacted zone. More insights of the pro-
jected delamination areas related to the same experimental campaign
in conjunction with one analysis of the residual compressive strengths
by compression after impact (CAI) can be found in [29].

2.5. Drop-weight impact and compression after impact tests

Records of peak load 𝐹𝑝, delamination threshold 𝐹𝑑 and dissipated
energy for all configurations of laminates in the LVI experimental
campaign are shown in Fig. 6. As expected, the peak load 𝐹𝑝 increased
by increasing the impact energy for all laminates tested (see Fig. 6(a)).
However, there is a maximum peak load value just after the BVID
which remained constant independently of the impact energy or impact
velocity. This behaviour is clearly illustrated for laminates 351 and
361. Maximum peak load values were found for thicker laminates and
quite similar quantitative load response was observed for laminates
252 and 351. In addition, the threshold load 𝐹𝑑 remained constant
and is influenced mainly by the laminate bending stiffness and fracture
toughness in pure mode II, independently of the impact energy and
delamination size [41]. This interesting behaviour is shown in Fig. 6(b)
for all configurations tested. Finally, the comparison for dissipated
energy is shown in Fig. 6(c). Thinner laminates presented the major
dissipated energy values, with more notable variability/scatter after
reaching the BVID threshold. For lower impact velocity values, 𝐹𝑑 can
be difficult to determine owing to the governing parameters, or due to
harmonic resonances of the (impactor/load cell), or of the specimen
during the impact, with 𝐹𝑑 even becoming equal to 𝐹𝑝 [42]. Laminates
252 and 351 present similar energy dissipation behaviour, associated
with their similar material bending stiffness. The thicker, 361 laminate
configuration produced the lowest proportion of dissipated energy in
which a high percentage of the energy was recovered elastically (see
Fig. 6(c)).

In order to address the damage tolerance, CAI tests were performed
for all laminates following the standard requirements [38]. A full report
of the experimental results with an reliable numerical methodology
approach for this particular test campaign can be found in [29]. In
this work, three configurations (181, 181T and 252) were selected to
6

illustrate the mechanical behaviour of the residual compressive loads
(𝜎𝑐 ). Plotting the residual strength and projected delamination areas as
a function of the impact energy, as shown in Fig. 6 (d–f), reveals an
interesting trend. It is observed that increasing the impact energy re-
duces the residual strength for all the laminates tested until reaching an
almost constant value. In similar manner, projected delamination areas
remain constant for impact energies larger than the BVID threshold,
which means that all the energy goes into local crushing and further
penetration of the laminate. This behaviour was observed as a general
trend for all tested laminate configurations.

3. Constitutive model to predict damage in composite materials

Failure mechanisms for composite laminates are usually divided
into two groups, the interlaminar and intralaminar damage behaviour.
Interlaminar damages describes the separation between plies which
takes place under different crack opening modes. Whereas intralaminar
damage behaviour considers all the failure mechanisms which occur
within each ply. In this work, both numerical constitutive approaches
are used to model the fracture damage modes and their interaction in
unidirectional laminates under out-of-plane loading conditions. With
regard to the interlaminar damage, it is assumed to occur in the form
of delaminations along predefined discrete crack planes and a cohesive
zone model (CZM). On the other hand, a continuum damage model
(CDM) is applied at ply level to capture different damage mechanisms.
These mechanisms mainly occur in the form of fibre breakage and ma-
trix cracking on the impacted zone. By combining both damage models
within a sophisticated kinematic modelling approach, matrix cracks
and delaminations are predicted realistically. The intralaminar damage
model has been implemented in Fortran-coded ‘VUMAT’ subroutine to
be used with an explicit numerically integration scheme. A brief aspects
of both constitutive models will be presented as follows.

3.1. Interlaminar behaviour

The interlaminar damage response at interface level is modelled by
means of a classical cohesive zone method (CZM) readily available in
ABAQUS/Explicit [33], using a native surface-based cohesive-frictional
formulation coupled to a penalty contact algorithm [43,44]. Instead
of using cohesive-elements which impose mandatory use of regular
mesh with coincident nodes location through the thickness, surface-
based contact interaction facilitates the use of non-conforming meshes

at ply level that can be aligned with the material orientation. The
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Fig. 5. Profiles mapped by means of Ultrasonic NDT C-scan inspection and projected delamination areas for analysed configurations. The different colours identify the signal
amplitude (in %).
surface-contact interaction allows mesh directional biasing with dif-
ferent element sizes by ply according to the computed characteristic
element length requirements. Concerning delamination onset, both the
ply interface shear strength and the interface normal strength are
determined by the interlaminar shear strength (ILSS) test [45] and
the value of the transverse tensile strength for a thick embedded ply,
adopting the same assumption used in [28].
7

3.2. Intralaminar behaviour and mesh size regularization
In this work the fibre-reinforced composite material is modelled

herein by means of a thermodynamically-consistent continuum dam-
age model (CDM) based on the work of Maimí et al. [34,46] and
implemented as Abaqus/Explicit ‘VUMAT’ user subroutine. This work
combines Maimí’s formulation with mesh-alignment techniques in or-
der to reduce mesh sensitivity associated with CDM to permit accurate
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Fig. 6. (a) Comparison of Peak loads 𝐹𝑝, (b) delamination threshold 𝐹𝑑 and (c) amount of dissipated energy for all laminates tested. (d,e,f) CAI residual strength (𝜎𝑐 ) and projected
rea, as function of the impact energy for the configurations 181, 181T and 252 respectively.
e
b

rack predictions. The orthotropic damage model follows different
lastic behaviour according to the material direction until the first-
ly failure is detected by means of physically-based three-dimensional
ailure criteria developed by Catalanotti et al. [35]. A nonlinear elastic-
amageable behaviour was considered for the in-plane and out-of-plane
hear response, based on a Ramberg–Osgood law [47]. The gradual
nloading of a ply after the onset of damage is simulated by means of
ppropriate progressive damage evolution laws according to different
amage modes.

Exponential stress softening laws describe the damage evolution
orms corresponding to fibre kinking and matrix cracking damage
xpressed in the following general form [46]:

𝑀 = 1 − 1
𝑓𝑁

(

𝑟𝑁
) exp

{

𝐴𝑀
[

1 − 𝑓𝑁
(

𝑟𝑁
)]}

𝑓
(

𝑟𝐾
)

(4)

herein the function 𝑓𝑁
(

𝑟𝑁
)

force the softening of the constitutive
elation and 𝑓

(

𝑟𝐾
)

is the coupling factor between damage laws and
lastic threshold domains. The parameter 𝐴𝑀 is calculated internally by
eans of numerical integration to ensure that the computed dissipated

nergy is independent of mesh refinement. A detailed explanation of
his parameter for fibre failure can be found in [28]. In this section
nly the parameter 𝐴 for matrix failure is described and calculated
8

𝑀

using the following expression:

𝐴𝑀 =
2𝑙∗2𝑋

2
𝑀

2𝐸𝑀𝑀 − 𝑙∗2𝑋
2
𝑀

, 𝑀 = 2±, 4, 5, 6 , (5)

wherein 𝐸𝑀 and 𝑋𝑀 are the Young modulus and ply strengths cor-
responding to each failure mode [48]. 𝑀 is the energy release per
unit volume and 𝑙∗ is the element characteristic length and represents
a typical cracking distance across the surface of an element [49].
The mesh regularization follows the scheme proposed by Bažant and
Oh [36] which assure the objective solutions, i.e. guarantees that
𝑙∗𝑔𝑀 = 𝑀 , For square elements with an aspect ratio approximately
qual to one, the characteristic element length can be approximated
y [36]: 𝑙∗1 = 𝑙∗2 = 𝑙∗ = 1.12

√

𝐴𝐼𝑃 , wherein and 𝐴𝐼𝑃 is the area
associated with an integration point projected in the plane of crack
propagation.

For the material-aligned meshing approach used in this work, two
independent characteristic lengths, 𝑙∗1,𝑚𝑎𝑥 and 𝑙∗2,𝑚𝑎𝑥 were taken into
account (see Fig. 8). The maximum element size that guarantees the
correct representation of both material strength and fracture energy dis-

sipation simultaneously can be computed using the following general
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c
n
p

expression from Bažant’s crack band model [36]:

𝑙∗1,𝑚𝑎𝑥 = 𝑚𝑖𝑛{
2𝐸1𝑀
𝑋2

𝑀

}, 𝑀 = 1+, 1− (6)

and

𝑙∗2,𝑚𝑎𝑥 = 𝑚𝑖𝑛{
2𝐸𝑖𝑀
𝑋2

𝑀

}, 𝑀, 𝑖 = 2±, 4, 5, 6 (7)

.3. Physically-sound crack simulation by element erosion techniques

One of the most generalized techniques for modelling crack prop-
gation in composite materials is the use of element erosion. In this
ork element erosion is combined with both CDM and CZM damage
odels for modelling realistic cracks patterns. This technique has the

enefit of being able to simulate cracking phenomena through a simple
nd efficient algorithm in which elements are removed automatically
nce they reach complete failure by a predefined criterion. In this
ork, the element erosion approach is combined with material-aligned
eshes. This, allows the simulation of material cracks in the strong

ense i.e. with kinematic discontinuities between crack faces. Once an
lement is removed from the mesh, penalty-based frictional contact
onditions are enforced at the free faces of the neighbouring elements
o model the crack faces, avoiding interpenetration and allowing stress
ransfer in case of crack closure. In addition, this approach helps avoid
xcessive element distortions which would introduce spurious effects
n the computation of stresses reducing the efficiency of the analyses.
urthermore, element erosion is a native algorithm implemented in
everal solvers like Abaqus or LS-DYNA. [33]

Despite of the benefit mentioned above, some drawbacks can be
ointed out. One of the most important is that it leads to the unde-
ired loss of volume, mass and potentially available energy from the
ystem including poor load bearing capability mainly during contact
nteractions. Although in CDM the crack separation is smeared over

characteristic length that guarantees the correct representation of
oth material strength and fracture energy dissipation. In general, the
haracteristic length is found to be on the order of less than 1 mm in
ll three spatial dimensions. This imposes an expensive computational
ost for large models. One other important disadvantage of eroding
lements in the smeared-damage crack band is that crack faces are
enerated at a relative distance between each other, corresponding to
he finite thickness of the crack-band. One of the consequences of this is
itigated by the fact that stresses around a crack need a finite distance

o recover to nominal values, according to a shear-lag assumption. The
econd consequence of crack-band erosion would only have an effect
n compressive and shear dominated cracking. Finally, the element
rosion technique is a mesh-dependent solution and requires more
omplex procedures for automated aligned-mesh generation, in order
o enforce damage localization along physically-sound crack paths,
pecially when matrix crack are the dominant damage mode [50].
ligned-meshing strategies have been used by previous authors for low
nd high velocity impact simulations with manual or semi-automated
esh generation operations [25,27,51,52]. In this work a fully au-

omated aligned-mesh generator was implemented by means of the
rogramming language Python using ABAQUS-scripting commands and
n-house python modules (see Fig. 8). Following the same procedure
y the authors in [27] in order to model opening cracks, element
rosion is enforced when 𝑑1+ or 𝑑2+ reach values close to unity. In
ddition, highly distorted elements are avoided by setting limits on
he determinant of the deformation gradient (det F). This variable is
efined as the ratio between the deformed (𝑉 ) and undeformed (𝑉0)
olumes of an element [27].
9

4. Virtual testing set-up for low-velocity impact and material
properties

In order to guarantee high fidelity-simulations, two key aspects for
the meso-scale modelling discretization were considered: The kinematic
modelling approach and the material input properties. In this section
both aspects will be briefly described. Related to the numerical strategy
applied in the virtual laboratory for LVI, the same modelling approach
was used by the authors for quasi-static in-plane loading cases [27]
and in the present work is adapted to out-of-plane dynamic loading
conditions.

4.1. Modelling set-up

The FE model setup is simulated following similar requirements as
the ones indicated by the AITM1-0010 test standard described in Sec-
tion 2. The geometry and boundary conditions of the analysed models
are shown on Fig. 7. Four main features (fixture-base, laminated-
composite, clamps and impactor) are included to build up the assembly.
Laminate test specimens of 150 ×100 mm are fixed between the fixture-
base of 200 × 150 mm with a cut-out 125 × 75 mm (to guarantee the
specimens impact deflection) and four rubber clamps. Both the base
and clamps are modelled as perfectly fixed rigid bodies discretized
with R3D4 (2 × 2 mm) rigid elements using hard contact interaction
with the specimens. The impactor is modelled as a rigid body with
a lumped mass value (𝑀𝑖) of 5.745 kg. It has a hemispherical-shaped
impact surface with a radius (𝑟𝑖) of 8.0 mm and height (ℎ𝑖) of 10.0 mm
iscretized by R3D4 three-dimensional rigid elements with four nodes.
n initial velocity (𝑣0) in the vertical direction is prescribed to the

mpactor, simulating the impact velocity measured during the analysis.
hereas a gravitational force is applied to the impactor and determined

y (𝑀𝑖𝑔).
All specimens where modelled using three zones (i—Damage, ii—

mooth transition and iii—Composite layup zone) with two different
evels of discretization in order to optimize computational resources
nd ensure the localization of failure mechanisms in the central sec-
ions. Each laminate ply is discretized by means of a structured aligned
eshing technique with one solid homogeneous element (C3D8R and
3D6 solid elements with reduced integration and enhanced hourglass
ontrol [53]) through-the-thickness which respond according to the
DM previously described in Section 3.2 and illustrated on Fig. 8. In
he central damage zone, structured aligned meshes are extended until
he specimen free edges in order to facilitate further compression after
mpact (CAI) analyses after the impact simulations. For all simulated
ases the length of the damage zone need to be large enough in order
o include the failure mechanisms that takes place during the analysis.
n regions away from the impact described as ‘support parts’ related
o the composite layup zone, only the elastic behaviour is simulated
y means of a single layer of coarse continuum shell elements (SC8R)
ith one integration point per ply that models the whole laminate.
etween these two zones, in order to avoid spurious damage due
o unrealistic stress oscillations, stress softening is prevented in plies
nd interfaces in a smooth transition zone close to the kinematically
onstrained regions. The three regions with different discretizations
re kinematically constrained to enforce continuity of displacements
nd rotations across their boundaries using surface-base tie constraints.
n addition, zero-thickness ply interfaces are modelled by means of

surface-based cohesive-frictional formulation coupled to a penalty
ontact algorithm, as explained in Section 3.1 (see Fig. 8).

.2. Material input properties

In this work, all LVI coupons are manufactured using unidirectional
arbon fibre pre-preg tape, HexPly AS4/8552, supplied by Hexcel with
ominal ply thickness of 0.184 mm. The constitutive AS4/8552 average
ly properties used as input data for the damage model described
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Fig. 7. Modelling set-up for low velocity impact.
Fig. 8. Low-velocity impact FE model showing structured aligned meshes strategy taking into account the characteristic element length 𝑙∗. Damageable zones with cohesive-frictional
contact surfaces and material 𝑖𝑛 − 𝑠𝑖𝑡𝑢 properties are highlighted.
above are reported in Table 2. A detailed description for each material
property as well as their interaction with the material model used is
presented by the authors in [27,28]. These properties were obtained
through an extensive experimental campaign to provide material design
allowable values for laminate configurations commonly used to design
and certify aircraft structures [54,55] and from available data reported
in the literature review. Slightly different values for these properties
are reported by NCAMP [55].

Although the material response presents inherent dependency on
different strain rates. In this study, only quasi-static material prop-
erty values have been used. However, previous research on the rate-
dependent behaviour of CFRPs has shown that this effect is most
10
important for the strength properties, with the effect on the elastic
properties far less pronounced [56]. In addition, in LVI test cases, the
laminate response is expected to be dominated by the damage evolution
rather than the initiation and there is no clear consensus on whether or
not strain-rate significantly affects the fracture toughness properties of
CFRPs, especially in the mode II [57,58]. Conversely, Wang et al. [59]
showed that strain-rate effects may in fact play an important role for
higher energy LVI tests, resulting in greater delamination areas due to
the higher rigidity of the laminate at high strain-rates. Therefore, the
omission of strain-rate effects in the present work should not be a major
cause for concern but may be considered as a potential improvement
to the current model in future work.
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Table 2
Average material properties used as inputs for the ply and interface
model for HexPly AS4/8552 unidirectional prepreg CFRP with density
𝜌 = 1.58⋅10−6 kg/mm3 and nominal ply thickness 𝑡p=0.184 mm. Material
properties were taken from [27].
Property Mean (CV %)

Ply elastic properties
𝐸1𝑡(GPa) 137.1 (1.4)
𝐸1𝑐 (GPa) 114.3 (0.9)
𝐸2𝑡(GPa) 8.8 (0.3)
𝐸2𝑐 (GPa) 10.1 (0.8)
𝐺12 = 𝐺13(GPa) 4.9 (0.8)
𝑣12 = 𝑣13 0.314
𝑣23 0.487

Ply strengths properties
𝑋T(MPa) 2106.4 (8.2)
𝑋C(MPa) 1675.9 (5.2)
𝑌 T(MPa) 74.2 (6.3)
𝑌 C(MPa) 322.0 (1.7)
𝑆L(MPa) 110.4 (1.3)

Thermal expansion coefficients
𝛼1(◦C−1) 0.21 ⋅ 10−6

𝛼2(◦C−1) 3.30 ⋅ 10−5

Ply fracture energies
1+(kJ∕m2) 125.0
1−(kJ∕m2) 61.0
2+(kJ∕m2) 0.30
6(kJ∕m2) 0.87

Interface properties
𝜏03 (MPa) 74.2
𝜏sh(MPa) 110.4
𝐺Ic,𝜃=0◦ (kJ∕m2) 0.30 ± 0.01
𝐺IIc,𝜃=0◦ (kJ∕m2) 0.87 ± 0.06
𝜂𝑏𝑘 1.45
5. Validation of the modelling approach

One of the challenges for virtual testing is not only accurately
predicting the material strength and displacements, but also captur-
ing the different failure mechanisms for both damage resistance and
damage tolerance respectively. In order to validate the implemented
modelling approach, several numerical simulations were performed for
impact energy values above and below the BVID threshold. In addition,
simulations for all BVID energy thresholds were included and validated
against the experimental data.

5.1. Numerical predictions of the damage due to low-velocity impact

In this section, numerical simulations of LVI using the previously
described high-fidelity FE model are correlated with experimental re-
sults reported in Section 2. During the simulation campaign, the main
items analysed for validation and comparison were: realistic intralam-
inar/interlaminar failure prediction, projected delaminated areas, im-
pact peak-loads, impactor displacements, impactor velocity and dissi-
pated impact energy.

The response depicted in Fig. 9(a) predicts the evolution of macro-
scopic failure mechanisms during the LVI simulation, up to laminate
perforation for the laminate 181 impacted at 30 J above a BVID thresh-
old of 21 J. It is clearly seen that the damage takes place throughout
the thickness by means of matrix cracking and delaminations, being
more visible for higher impact energy values. Above BVID the fibre
splits extend towards the edges and may even entirely detach from
the coupons. This material behaviour was correctly captured during
the simulation. A macroscopic observation of failure mechanisms after
the impact is shown in Fig. 9(b). At this impact energy value with
full penetration, in the non-impacted face, large fibre splitting and
matrix cracking oriented at 45◦ were observed. Whereas, in the im-
acted face of the specimen, significant damage with fibre breakage
as concentrated mainly in the impact location. In comparison with
11

he experimental results, these intralaminar and interlaminar failure
mechanisms were accurately predicted during the numerical analysis
and are illustrated in Fig. 9(c). A cutting plane 𝐴 − 𝐴′ is used to
observe the predicted catastrophic failure through the thickness. In
addition, a strong interaction between matrix cracks and delaminations
was found, particularly for ∓45◦ ply interfaces. At the ply level, matrix
cracks create stress concentrations that physically interact with inter-
laminar damage failure and guide the delaminations to propagate. This
phenomena was realistically captured during the simulation.

Another simulated example for a specimen impacted with an en-
ergy value above the BVID threshold, but without full penetration is
illustrated in Fig. 10. This example is the laminate 351 impacted at
55 J with a BVID threshold of 35 J. On the left side, a macroscopic
view of the damage for both impacted and non-impacted faces for
the main intralaminar failure mechanisms and permanent indentation
around the impact point is shown. Next, the internal interlaminar
damage obtained by NDT C-scan inspection is revealed. In general,
like the previous laminate 181 described before, the first significant
failure mechanisms were located at the back faces and were realistically
predicted. The damage resistant behaviour is produced mainly owing
high tension and shear matrix cracks in the structure. The predicted
intralaminar failure response was compared with the visible damage
failure from outside the specimen with high agreement for both, the
impacted and back faces. At this impact energy value, intralaminar
damage becomes visible even from the outside in the form of matrix
cracks and of fibre breakage. Whereas for the interlaminar damage
response, predicted delamination areas (see dashed contour profile)
were compared against the projected delamination areas inspected by
C-scan. The 3D modelling approach was able to qualitative predict
the shape of the delamination area in similar fashion. In addition, the
interaction between matrix cracking and delaminations was accurately
captured in the simulation.

For impact energy values below the BVID threshold, internal dam-
age mechanisms are extremely difficult to detect by visual inspection
and more sophisticated technology needs to be employed, such as NDT

C-scan or computed tomography (CT) inspection methods. However, by
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Fig. 9. (a) Evolution for both intralaminar and interlaminar damage for laminate 181 impacted at 30J, (b) Macroscopic observation of failure mechanisms of specimen with full
penetration at 30J and (c) Predicted (macroscopic) failure mechanisms.
Fig. 10. Delamination areas of the laminate 351 for impact energy 55 J (comparison between experimental (C-scan) and numerical (dashed line).
using high-fidelity simulations, more insight into the internal damage
mechanisms for the material behaviour can be virtually replicated.
Fig. 11(a) illustrates the evolution of the material response for lami-
nates 252 and 361 impacted with energy values below BVID at 30 J and
50 J respectively. The response is governed by the flexural and shear
waves which propagate from the impact point to the plate boundaries
12
and through the contact forces between the impactor and the laminate.
At this impact energy level, the major delamination areas predicted by
in the simulation were located around the mid-plane of the specimen
due to the high interlaminar shear stresses that are concentrated in this
zone. By increasing the contact time and impact forces, delaminations
eventually migrate to the upper and lower interfaces. Although barely
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Fig. 11. (a) Cutting view of a drop-weight impact simulation for laminates 252 and 361 with impact energy values of 30J and 50J respectively. (b) Samples of specimens impacted
with permanent indentation.
Fig. 12. Comparison of (a) simulated and (b) experimentally-obtained delamination areas for each laminate configuration impacted at the corresponding BVID Energy threshold [29].
The colour scheme identify the depth of delamination (scale: ×0.1 mm).
visible singular cracks were observed on the non-impacted faces during
the experiments (see Fig. 11(b)), the 3D modelling was unable to
accurately capture these cracks. In both cases during the drop-weight
impact test, the impactor rebounded back and a percentage of the
energy was recovered elastically. In addition, permanent indentations
remained for both laminates after the impact and was captured during
the simulation.

Finally, the NDT depth scan damage inspection data and the cor-
responding predictions of the projected delaminations areas for all
13
analysed configurations impacted at BVID energy threshold are com-
pared in Fig. 12. For comparison purposes, from the 3D-scan only
the outer contour resulting of the superimposition of delaminations
at different interfaces was used. In general, the global shape of the
delamination areas for the other laminates differ from the real ones
and they tend to be under predicted. At this impact energy value the
modelling approach was unable to capture the typical fibre splitting
located at the non-impacted face that produces a large delamination
oriented along the ply angle. Only for the particular cases of the
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Fig. 13. LVI predictions and comparisons with experimental data: Impact load in function of displacement and evolution of the absorbed (BVID Energies threshold) (a) laminate
81 impacted at 21 J; (b) laminate 181T impacted at 23 J; (c) laminate 252 impacted at 33 J. All the results are shown without filtering.
hicker laminate 361, with circular shape of the delamination area was
bserved and accurately predicted by the FE model. One explanation
or this effect could be related with the criteria used to erode elements
nd the high value used for the penalty stiffness parameter 𝐾 (see
ection 3.1, 3.3). Another reason could be an under prediction of
he damage evolution because strain-rate effects were not taken into
ccount. In a study by Wang et al. [59], it was shown that including
ate effects on the strength and stiffness properties resulted in greater
redicted delamination areas due to the greater rigidity of the laminates
or LVI test cases at high impact energies. Therefore, this should be
onsidered in future work to improve the quality of the predictions.
rom the point of view of the authors, more rigorous model calibration
14
needs to be performed in order to improve the simulation results for
general impact scenarios.

5.2. Force–displacement, energy dissipation and velocity predictions

A comparison between the experimental data (Exp.) and numerical
simulations (Pred.), of impactor reaction force histories, evolution of
the absorbed energies and impactor velocities for all laminates tested
with BVID energy values, are plotted in Figs. 13–15. In general it
can be observed that curves follow similar trends in terms of global
response and contact times. However, in order to evaluate the accu-
racy of the simulations, some differences are worth mentioning. From
the experimental tests, an oscillatory behaviour due to the dynamic
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Fig. 14. LVI predictions and comparisons with experimental data: Impact load and absorbed energies evolution (BVID Energy threshold) (a) laminate 351 impacted at 35 J; (b)
laminate 361 impacted at 60 J. All the results are shown without filtering.
Fig. 15. Velocity histories for laminates impacted at BVID energy. Laminate 361 impacted at 70 J.
coupling between the specimen and its base-support was observed, but
this phenomenon was not correctly replicated by the simulations. This
provokes unrealistic viscous dissipation mechanisms that damped the
dynamic responses of the systems. In addition, while clear delamination
thresholds, 𝐹𝑑 , were unable to be predicted from the numerical model
results, the laminate response up to the peak load, 𝐹𝑝, appears to be
relatively accurate for the low energy impacts. This indicates that the
lack of strain-rate effects in the material strength properties may not be
a crucial factor in these test cases. However, as the laminate thickness
and impact energy increase, it appears that the predicted strength
and stiffness of the laminate begin to deviate more significantly from
15

the experimental results. This is in line with the results from Wang
et al. [59], which showed that the effects of strain rate on the strength
and stiffness become more important at higher energy impacts.

The most favourable predictions was made for the laminate 181.
However, the behaviour is less well predicted for the other laminates.
In terms of material stiffness for the other laminates, the initial stiffness
of the specimens is higher than the simulated, particularly for the
laminates 351 and 361. This is because the progressive fibre break-
age mechanisms were over-predicted. In addition, after the peak load
𝐹𝑝, the elastic recovery of the laminate is slightly over predicted in
most cases, as indicated by the drop in absorbed energy during the
unloading/rebound stage. This inaccuracy in the numerical results was
observed mainly for the laminates 181T and 252 and clearly illustrated
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Table 3
Summary of computational cost of the LVI simulations run on Intel Xeon (16/20-core) computing nodes. Element size: approximately 0.6 ×0.2× 0.184 mm. The
analysis time period was 8 ms with a stable time increment of approximately 1.6 × 10−8 s.
Model Impact

energy [J]
Elements
[×103]

Nodes
[×103]

DoF
[×103]

Increments
[×103]

CPUs Wallclock
time [h]

181 21 789 1572 4717 515 64 22
27 516 64 22

181T 23 1346 2691 8073 530 64 43
30 533 64 43

252 33 1626 3258 9773 579 60 90
40 568 60 88

351 35 1346 2691 8073 533 64 43
55 536 64 44

361 60 1767 3540 10621 342 60 60†

70 541 60 101

Partial results: †4.8 ms
V
M
e
–
M

D

c
i

D

in the comparison of impactor velocities in Fig. 15. However, for the
other laminates, the velocity histories were well replicated by the
numerical model. By analysing the unloading curves of these two lami-
nates, the permanent indentation values owing to the intraply frictional
resistance and fibre/matrix failure under shear loads, were under-
predicted. For the other tested laminates, both the energy dissipation
and the predicted indentation are in good correlation with experimental
results.

5.3. Computational cost analysis

The computational cost of the meso-scale CDM-based progressive
failure approach can be quite expensive. For this simulation cam-
paign, virtual tests where performed using High Performance Comput-
ing (HPC) and the FE models are parallelized on a cluster composed of
a group of three and four linked computing nodes: Intel Xeon IvyBridge
2.5 GHz CPU’s with 16 or 20-cores each. Several items are negatively
influencing the computational cost: (i) light, stiff material reduces the
stable time increment, (ii) small element size required to ensure appro-
priate energy release increases the number of elements and decreases
the time increment, and (iii) large number of elements for ply-by-ply
modelling. The element size was 0.6 × 0.2 × 0.184 mm (longitudinal
× transverse × thickness). The simulated time period was 8 ms and
the time increment was approximately 1.6 × 10−8 s. The analysis was
carried out with Abaqus/Explicit 6.13-3 with the double precision
executable. The computational costs, along with model statistics, are
summarized in Table 3 for all configurations.

6. Conclusions

The presented work demonstrates the capability of the virtual test-
ing framework to accurately predict the damage and failure mecha-
nisms in composite laminates under low-velocity impact loading. The
robustness of the implemented meso-scale methodology to perform
reliable virtual testing of multi-directional laminates by extending the
initial in-plane virtual testing to new scenarios of cases under dynamic
impact loading, without performing any tuning or calibration processes
of the input parameters is displayed. In addition, the methodology is
validated through an extensive experimental campaign which embraces
not only a wide range of cases with different layup configurations,
but also several impact energy values and cases with full penetration
with high interaction of damage mechanisms. This large design-space of
cases for validation includes several examples to predict physically the
complexity of the impact events, the structural behaviour and loading,
contact interactions, friction, damage and failure. From the experi-
mental results it is concluded that increasing the impact energy, the
maximum impact force 𝐹𝑝 are increased, whereas the threshold load,
𝐹𝑑 , remains constant. In addition, for impact energies beyond BVID,
both the projected delamination area and the residual strength reach an
16

almost constant value independently even though impact energy levels b
increase. For the numerical methodology, a nonlinear FE modelling
and simulation strategy that takes into account the in-situ material
properties and uses regularization to reduce mesh dependency has been
implemented. In addition, the combination of both physically-based
constitutive damage models and kinematic modelling with material
aligned meshes ensures the simulation of failure mechanisms, perma-
nent indentation and the correct dissipation of fracture energy with
high realism.

Although the numerical simulations were not able to capture the
unstable delamination growth and sudden drop in force at the delami-
nation threshold, the predictions of the maximum impact load and the
damage mechanisms revealed good agreement with the experimental
data. The evolution of the energy dissipated, laminate displacement and
the projected delamination area, were for some cases underpredicted,
mainly for BVID impact cases. This could be related to the drawbacks
of the element erosion technique used as well as the interaction of
both interlaminar and intralaminar damage mechanisms during fibre
splitting. However, in general, the macroscopic failure modes are very
well predicted. The methodology may be further improved in future
work by considering strain-rate effects in order to extend the capa-
bilities to high velocity impact events. In general, the virtual testing
framework constitutes a powerful tool to support in the development
of new composite materials and design of composites structures in the
transportation sector.
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