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Abstract :

Composite materials are widely used in the transportation field due to their high
specific mechanical properties. However, during their life cycle, they can undergo si-
gnificant degradation of their mechanical properties when subjected to impact loading.
Impact-induced damage occurs in various forms, such as fiber breakage, matrix cra-
cking, fiber /matrix decohesion and delamination. The study of the impact behavior of
composite structures has attracted considerable attention in the literature. However,
these studies generally relate to the case of a single impact or repeated impacts. Few
studies have focused on the case of multiple impacts, even though these are closer
to actual service conditions, as in the case of falling hailstones or the projection of
external objects such as road gravels, bird strikes, etc. In this thesis, we present robust
experimental and numerical methods for in-situ and post-mortem monitoring of da-
mage following the various possible impact cases : single-impact, repeated, sequential,
simultaneous impacts, etc. The first phase of the project involved the development of
a unique "compressed air cannon" test bench. Then, a dialogue (experimental tests-
numerical computations) was ensured to better understand the phenomena involved in
multi-impact cases, to finally reach the maximum performance of composite materials.

Keywords : Multi-impact ; impact ; composite structures ; experimental and numeri-
cal approach ; compressed air cannon ; discrete ply model.
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Résumé :

Les matériaux composites sont largement utilisés dans le domaine des transports en
raison de leurs propriétés mécaniques spécifiques élevées. Cependant, au cours de leur
cycle de vie, ils peuvent subir une dégradation significative de leurs propriétés méca-
niques lorsqu’ils sont soumis a des chargements d’impacts. Les dommages induits par
des impacts se manifestent sous différentes formes telles que la rupture des fibres, la
fissuration matricielle, la décohésion fibres/matrice et le délaminage. I.’étude du com-
portement aux impacts des structures composites a suscité une attention importante
dans la littérature. Cependant, ces études se rapportent généralement au cas d’un seul
impact ou d’impacts répétés. Peu de travaux se sont intéressés au cas d’impacts mul-
tiples, méme s’ils sont plus proches des conditions réelles de service, comme dans les
cas de chute de grélons ou de projection d’objets externes tels que les gravillons pré-
sents sur les routes, les impacts d’oiseaux, etc. Dans cette these, nous présentons des
méthodes expérimentales et numériques robustes pour le suivi in-situ et post-mortem
des endommagements suite aux différents cas d’impacts possibles : mono-impact, im-
pacts répétés, séquentiels, simultanés, etc. Ce travail a consisté dans un premier temps
a développer un banc d’essai unique « canon a air comprimé ». Ensuite, un dialogue
(essais expérimentaux-calculs numériques) a été assuré afin de mieux comprendre les
phénomenes en jeu dans les cas de multi-impacts, pour finalement atteindre les per-
formances maximales des matériaux composites.

Mots-clés : Multi-impacts ; impact ; structures composites ; approche expérimentale
et numérique ; canon a air comprimé ; discrete ply model.
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General introduction

Figure 1 — Illustration of certain impact and multi-impact cases : (a) Hail-induced damages
to a car body (1), (b) hailstones of different sizes, (¢) impact damage caused by
falling down an A350-900 central wing box strut, (d) Airbus A320 nose hit by hail
on takeoff (2).

Over the past five decades, fiber-reinforced composites have found increasing appli-
cation in the primary structures of a variety of flight vehicles, from small unmanned
aircraft to space launch vehicles. The proportion of structural weight comprised of
composite materials has grown significantly, surpassing 50% since the construction of
the Boeing 787 Dreamliner and then the Airbus A350 XWB. This expansion in the
use of composites has been mainly driven by the demand for weight reduction, stealth
capabilities for military aircraft and cost concerns in the commercial aviation sector.
Moreover, by leveraging composites’ lightweight nature, durability, and versatility, we
can significantly decrease energy consumption, lower greenhouse gas emissions, mini-
mize waste generation and actively participate in the ecological transition. Composites
also offer the advantage of adaptable directional properties, which improve structural
performance, and can incorporate actuators and sensors, enabling the development of
multi-functional structures.
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If composite materials are increasingly used as structural components, their struc-
tural integrity must be ensured under different types of loading. One of the most
common types of loading to which composite structures may be subjected during their
life-cycle is impact, or more generally multi-impact, see figure [I] For example, in the
case of external object projection, hail impact, gravel impact or bird strikes, etc. In
the literature, the case of a single impact is widely studied, whereas in reality the
most general case is that of several impacts (which includes simultaneous, delayed or
repeated impacts, and even that of a single impact when two impacts are sufficiently
distant to avoid interaction between one another). This study is primarily motivated
by the distinction between the different impact and multi-impact configurations and
the difference between the damage generated in each case and the phenomena invol-
ved, to gain a more comprehensive understanding of the different impact loadings and
their criticality.

To carry out this study, a test bench was needed to control simultaneity, the number
of impacts and the distance between impacts, which are essential input parameters for
the study of multi-impacts. Given the scarcity of this type of test bench, we opted
for developing it ourselves in the DRIVE laboratory. We then proceeded to its instru-
mentation to enable a detailed understanding of the phenomena involved both during
and after impacts, the calibration of the cannon was a necessary step to improve its
repeatability and enable us to obtain the most reliable results possible.

The second stage of the project involved manufacturing the composite plates and
carrying out the various multi-impact tests. We then proceeded to analyze the data
from these different tests, which is not an obvious task as the number of impacts
increases. We therefore decided to move on to the third stage of the project, which
involved using a numerical model to refine our understanding of the phenomena invol-
ved, by validating the model’s results on simple impact cases that are easier to follow
experimentally. Once this was accomplished, we moved on to 2 impacts, 3 impacts,
etc. up to 5 impacts. Each time, a dialogue between experiment and numerical model-
ling was ensured to pinpoint the most influential parameters. Several configurations
were remade or added to confirm the remarks made using the numerical model, just
as several calculations were launched to verify, one by one, the configurations tested
experimentally and then others that exceeded our experimental limits, such as control-
ling the time lag between impacts to within a tenth of a millisecond.

This is a complete project, from the design of the test bench to the validation
of the numerical model and the various experimental tests. During this work, we
used classical impact monitoring methods such as C-scans, plate displacement and
impact force monitoring, and obtained more encouraging results than in the literature
with our thermal camera analysis. In addition, we developed a number of concepts
relating to multi-impacts, distinguished the different cases of possible multi-impacts
to homogenize the key words used in the literature, and precisely defined the role of
the most important parameters.

The originality of this work lies in clearly distinguishing between the different cases



and the corresponding damage and phenomena involved in the various possible cases of
impacts and multi-impacts, studying the influence of parameters not yet studied, such
as the spatial and temporal lag between impacts, and assessing the importance of other
parameters commonly used in the literature in a multi-impact case. The concept of
virtual testing is widely used in this manuscript, with frequent back and forth between
experimental and numerical investigations after designing the compressed air cannon,
as shown in the diagram below :

Compressed air
cannon _

development

Experimental Numerical
. . . % . .
investigation simulation

This thesis is divided into five chapters, each of which compares experimental and
numerical results, and presents the most relevant results on a case-by-case basis. It
is therefore important to follow the summary table presented at the beginning of the
third chapter to follow the sequence of results. The five chapters present in general
terms :

— Chapter 1 : Literature review, to synthesize the research done so far, provide a
comprehensive and critical overview of current insights and tools on impact and
multi-impact, cite our research in relation to others and highlight the originality
of this work.

— Chapter 2 : To present in detail the development of the "compressed air can-
non' test bench, from its design phase through its calibration, homologation and
automation to the operational phase.

— Chapter 3 : Present the tools and methods used in single-impact cases, verify
the consistency between the various experimental tools used and the reliability
of the DPM, summarize the various phenomena involved in the case of a single
impact and the influence of the various single-impact parameters.

— Chapter 4 : Defining the key differences between the single-impact and multi-
impact cases, comparing a single-impact case with cases belonging to multi-
impact configurations, primarily the simultaneous impact case and the sequential
impact case, concluding on the relevance of taking simultaneous cases into ac-
count, and the multitude of phenomena that can be brought into account in this
particular multi-impact case.

— Chapter 5 : study in detail the case of simultaneous impacts, define and study
the influence of multi-impact parameters, highlight the role played by classic
impact parameters in the case of multi-impacts and finally study the special case
of impacts that are both simultaneous and repeated.

At the end, we conclude with a review of the research carried out on this subject, the
various tools and methods used, the relevance of this study and its various perspectives.
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1. Literature review

Introduction

The purpose of this literature review chapter is to examine and analyze existing re-
search on the behavior of composite structures under impact and multi-impact condi-
tions. This chapter aims to provide a comprehensive understanding of the various
factors that influence the response of composite materials when subjected to impact
loading, including the types of damage mechanisms that can occur and the structural
performance degradation over multiple impact events. By reviewing relevant studies
and analyzing the findings, this chapter will contribute to the knowledge and un-
derstanding of the impact behavior of composite structures, informing the subsequent
chapters on experimental and numerical investigations. Ultimately, the goal is to en-
hance the design and analysis of composite structures, ensuring their optimal perfor-
mance and durability in real-world applications where impacts and multi-impacts are
potential concerns. The aim of this chapter is also to situate our research in relation
to what has already been done, and to justify the use of the new testing methods,
damage monitoring and data analysis presented in the following chapters. Particular
attention will be devoted to multi-impact cases, and to the experimental and numerical
advances made to date in relation to the impact damage tolerance design concept.

1.1. Impact and multi-impact behavior of composite materials

1.1.1. Overview

Composite materials are widely used in the field of transportation because of their
high specific mechanical properties. However, during their life cycle, they may undergo
significant mechanical properties degradation when are subjected to impact loading.
In the literature, numerous studies have focused on single point isolated or repeated
impact events, but few deal with composite laminate subjected to multi-impact, si-
multaneous or sequential impacts, even if these test configurations are closer to real
service conditions, in the case of falling hailstones or the projection of external objects
such as gravel on the road, tire debris, etc. Compared with a single point impact, a
synergistic effect from stress waves interaction induced by different projectiles modifies
the overall response of the structure.

Composite materials are frequently exposed to impact loadings by foreign objects
during manufacturing, service and maintenance operations (3)). For example, the pro-
jection of external objects such as road gravel during take-off or landing, hailstones,
bird strikes or falling tools during manufacturing or maintenance operations. These
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Figure 1.1 — Bird Strike risk, a flock of birds surrounding an airplane (4).

impacts can be of low /medium/high velocity and low/medium /high energy depending
on their nature (5). The induced impact damage comes in various forms such as fiber
breakage, matrix cracking, fiber/matrix debonding and delamination (). Composite
structures are particularly susceptible to the foreign impact loads because of their poor
properties in the through thickness direction (7).

Consequently, the problem of impact-induced damage has attracted considerable
attention in the literature ((5), (8), (9)). However, these studies generally relate to
the case of an isolated impact at a single point or repeated impacts ((10), (11)), (12)).
Although, in real scenarios, many structures are potentially exposed to multi-impact
loading. Recently, researchers have been more interested in the case of multi-impact
by distinguishing between sequential and simultaneous impacts on composite struc-
tures ((7), (13), (14), (15)), where the difference is linked to the stress wave interaction
(constructive or destructive interference). Generally, two impacts are considered simul-
taneous when stress and shock wave interaction is expected (15) and sequential when
the time-hit interval is sufficiently long to avoid synergistic effects from stress waves
interaction (L6]). These studies are considering high energy/velocity impacts on fiber-
glass composites ((7), (13), (14)) or short fibre reinforced composites (I5). We note
that, the high velocity impact regime is characterized by a very short impact time with
dilatational wave dominated response, while the intermediate velocity impact is cha-
racterized by a short impact time with flexural and shear wave dominated response (5.
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Compared with single point impact, the overall structural response in multi-impact
loading is modified due to a more complex damage mechanism activated by the in-
teraction of damage induced by different projectiles (7)), even if these impacts are in
damaged (14) or undamaged regions (I5)) (in order to manage or avoid the interaction
of local effects). The combined effects of the interaction between cracks propagation,
stress waves (especially the reflected tensile waves) and complex bending effects (lea-
ding to high local tensile stress and out-of-plane shear effects) is observed to govern
the fracture mechanisms and the damage extent (15)).

This study will focus on the behavior of a composite laminate, with unidirectional
carbon fibers and an epoxy matrix, under multiple low-medium velocity and low-
medium energy multi-site simultaneous or sequential impacts. For this purpose, a five-
stage compressed air cannon was designed and constructed for the multi-impact series
of experiments. This test setup will allow us to approximate real service conditions
to study the structural integrity of a composite subjected to simultaneous or sequen-
tial multi-site impacts. Thus, it is possible to control various parameters such as the
number of impacts, their location, time delay, velocity and impact energy. To better
understand the interaction between multiple impacts, finite element models are used
to predict the damage developing in composite structures. This allows us to model
other multi-impact configurations and to distinguish the most critical ones. During
the numerical modeling, a dialogue between tests and calculations is ensured in order
to validate the performances of the models and to show the role of "Virtual Testing" in
reducing the costs of test campaigns and increasing the understanding of the different
damage mechanisms to reach the maximum performances of composite materials.

For definition, an impact is a collision between two bodies which results in energy
dissipation by elastic deformation (small vibratory shocks) or plastic without violent
crushing of the overall structure in an extremely short time, of the order of a few ms
(hence the difference with the crash). Generally, a projectile of a given mass, geometric
shape, direction, velocity and nature of material hits a structure in an impact zone
producing contact, waves and material behavior. There are several types of impact
depending on their energies and velocities. Generally, an impact is distinguished by
its velocity/energy pair (see the subsection 1.1.2. Parameters influencing the impact
response of composites), which leads to the accumulation of several types of damage
up to macroscopic failure.

For more than 4 decades, the impact of composite structures remains a preoccupa-
tion of researchers and industrialists in order to meet safety requirements in terms of
accidental risks. This accidental risk can represent :

— Ground impact : during maintenance, manufacturing or assembly operations,
through the fall of tools. The associated energy is of the order of a few tens
of J (16)). In addition, we mention the impact of the effects of an explosion on
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an industrial site, the impact of gravel on an aerodrome or on a car runway
or ballast (railroad), the impact of debris from foreign objects encountered on
runways, commonly called FOD (Foreign Object Debris) (16]) or even fragments
of explosive warheads in the military field.

— Impact at altitude : like birdstrike, feared by aircraft pilots, is taken into ac-
count by aircraft manufacturers since birdstrikes can have dramatic consequences,
especially when they affect the integrity of the propulsion system. The birdstrike
on the radome area of the B737 of the Turkish Airlines flight TK2004 in 2015
illustrates perfectly these remarks (I7). Figure shows the risk of multiple
impacts in this type of situation, rather than a single impact.

— Slamming impact : most offshore structures, including offshore wind turbines,
ships, etc., experience impulsive pressure loads due to slamming in rough waves.

— Hail impacts : the aeronautical certification texts (as EASA CS-23) indicate
a probability law for the size of hailstones. These texts propose a Gaussian law
whose maximum value is a diameter of 55 mm and an average diameter of 16 mm.
Aeronautical structures exposed to this type of impact must be able to withstand
the impact of a hailstone of exceptional size and repeated impacts of medium-
sized hailstones in order to be certified. The energies involved are between 30 and
900 J for a real velocity of about 175 m/s (16]).
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Figure 1.2 — Percentage in advanced composites (by mass) on civil and military aircraft (18)).
Composite materials remain a concern regarding these different types of impacts

because they have the particularity, often, of not being marked in case of low energy
impacts, in case of fall of a part during an assembly /disassembly operation for example.
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As the impact force is transmitted between the fibers, the defect can be confined within
the structure in the form of delamination, fiber pull-out or other defects. These defects
are generally invisible to visual inspection and considerably reduce the mechanical
properties of the impacted structure, up to -70% according to Davies and Olsson (19)).

In practice, structures are exposed to several repeated impacts or impacts at the
same time. For example, impact of a group of birds, of several gravels or ballasts, fall
of a part several times during the assembly operations, etc. However, the literature
does not yet precisely define each type of impact configuration.

In aeronautics, despite the existence of over 120,000 materials, less than a hundred
different materials are used in the fuselage and engines of airplanes. The four main ma-
terials are aluminum alloys, fiber-polymer composites (especially carbon-glass-epoxy),
titanium alloys, and high-strength steels; these materials represent over 80% of the
mass in most commercial and military aircraft (I8]), where they are increasingly used,
see figure [I.2] Composites are present in almost all the fuselage, wing, ailerons, vertical
stabilizer and horizontal stabilizer, etc. They constitute almost 80% of the structure
by volume and 50% by mass. The impact damage tolerance of composite structures
is one of the three types of requirements of the European standard JAR 25.571 that
an aircraft must withstand without structural failure until the damage (irreversible
process that leads to the appearance of local defects) is detected during inspection
operations, this is due to the fact that polymer matrix composites are known to be
very sensitive to out-of-plane loads. Moreover, impacts on composite structures are
particularly critical because they can strongly decrease the residual strength without
leaving any visible mark on the outer surface, that is why we aim to conduct a study
at low and medium energies, to spread the study on several types of application cases
on any type of means of transport (bicycle, car, plane, etc.). To ensure that our tests
are as precise as possible, we need to be able to control the time and space lag bet-
ween impacts and the number of impacts, in addition to the classic impact parameters
(velocity, energy, diameter, etc.).

In this thesis, depending on the detectability of damages, we will focus on all the
domains from B to E (Figure [1.3), to study the impact behavior of composites in
transportation areas where inspection is regular, but with an inevitable time interval
between inspections. To extend this work, post-impact loading in compression (com-
pression after impact CAI) can be used to monitor material residual strength ((8)),(9))
performed according to several standards : Airbus AITM 1-0010 (20)), Boeing BSS
7260 (21), SACMA SRM 2R-94 (22) and ASTM D7137/D7137M (23). In this work,
we simply repeat the most critical configurations to assess the residual strength of
composite materials after multiple impacts.

To differentiate between the first two domains we use the notion of the smallest da-
mage detectable during an inspection designated by a damage detectability threshold
BVID (Barely Visible Impact Damage, figure [L.4)), but which can still decrease the
compressive strength of a plate by 58% (24)) or more according to Davies and Olsson
(70%) (19). The exceeding of this threshold is detected by inspection procedures : non-

11
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Figure 1.3 — Load to be supported by a composite structure according to the size of the damage

(25)).

destructive ultrasonic testing or generally (for economical reasons (26)) visual checks
based on permanent indentation (27) which must not exceed certain values (or rather,
below these values we cannot guarantee detection of defects) : some authorities ac-
cept a permanent indentation value of 0.3 mm (28)), or 1 mm (29). Others specify the
conditions for acquisition or inspection, 0.25-0.50 mm at a distance of 1.5 m with given
lighting conditions (30)), etc. The standards are such that for a permanent indentation
less than BVID, the structure must be able to support the extreme loads, while for
a value greater than or equal to BVID, only the limit loads are required (figure
(31)).
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Figure 1.4 — Design by impact damage tolerance. (31))

Incremental impact tests are used by the industry to determine the impact energy

12
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at which the BVID is reached. After each impact of the incremental test, the plate is
removed from its mounting system to measure the indentation depth, another plate is
used for the next increment. The different indentation depths are analyzed in order to
choose, for single impact tests, an energy lower than the BVID, an energy equivalent
to the BVID and an energy greater than the BVID. (32)).
The BVID is fixed by Airbus at a depth of 0.3 mm for an unlimited duration inspection
and inspection distance of 50 cm, and at 1.3 mm for an inspection of 30 seconds per
panel at a distance of one meter (33)).

The parameters to be considered during impact testing are : maximum impactor
displacement, absorbed energy, permanent indentation depth, delaminated surface and
residual properties such as compression after impact (CAI) (34)).

1.1.2. Parameters influencing the impact response of composites

The damages shown previously in Figure [1.3|strongly depend on several parameters,
among which we can cite :

— The pair (Velocity /Energy) : Material impact is generally classified into ((21)),

| .[u rh
e e~

Figure 1.5 — Impact categories according to the velocity of the projectile. (a) High velocity, (b)
Intermediate velocity, (¢) Low velocity (5).

(7)) : low-velocity regimes (high mass), intermediate-velocity regimes, high /ballistic-
velocity regimes (small mass), and hyper-velocity regimes. Serge Abrate discusses
the work done in this area in his book "Impact engineering of composite struc-
tures" (5)) and defines the impact regimes by considering the ratio between the im-
pactor velocity and the transverse compression wave velocity and the maximum
deformation up to failure in that direction. Indeed, an impact triggers elastic
waves that propagate from the impact point (35). Material damping and energy
diffusion associated with the propagation of two- or three-dimensional waves lead
to a decrease in the influence of the corresponding waves. The response is the-
refore either governed by the wave propagation or by the impactor velocity. For
example, high velocity is characterized by fiber rupture induced by penetration,
and low velocity by matrix delamination and cracking. A small-mass impact at
high velocity can lead to a higher degree of local loading with a corresponding
increase in damage for an equivalent impact energy. Thus, for impact times of
the order of the time required for waves to traverse the thickness, the response
is mainly dominated by three-dimensional wave propagation. For longer impact

13
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times, the response is first governed by bending and shear waves, and for times
much longer than the time required for these waves to reach the limits of the
plate, the lowest vibration mode of the impactor-plate system predominates. The
resulting response is quasi-static in the sense that deformation and load have the
same relationship as in a static case.

As illustrated in Figure : (¢) Low Velocity Impact (LVI) results from condi-
tions arising from tool drops, which typically occur at speeds less than 10 m/s,
where there is an equivalence between the two loading modes (impact/static in-
dentation) since the response time of the impacted structure is long enough for
the deformation waves associated with the impact to propagate and be reflected
at the boundaries of the target. The response is close to quasi-static behavior,
meaning that the position and type of boundary conditions play an important
role in the phenomena involved (5). Davies and Robinson (36) stated that during
low-velocity impact, a cylindrical region below the impactor undergoes a uniform
compressive strain (e.) as the stress waves propagate through the plate. This can
be mathematically expressed as :

impactor velocity

€. =
“  speed of sound in the material

(1.1)

Gravel and foreign debris on roads and airports are considered to fall under the
regime of intermediate velocity impact and medium energy, figure [1.5|(b). Inter-
mediate impact events occur in the range of 10 m/s to 50 m/s, where the response
time is short, and the target response is dominated by vibration modes. This is a
transient situation between the low velocity /energy and high velocity configura-
tions. Figure [L.5{a), high velocity impact (ballistic) is usually the result of small
arms fire or explosive shell fragments. The response to high velocity impact is do-
minated by the propagation of a deformation wave through the thickness of the
material, in which the structure does not have time to react, leading to localized
damage. The effects of boundary conditions can be ignored because the impact
occurs before the stress waves reach the boundary (5).

The mass of the projectile : It is evident that the size of the plate and the
boundary conditions influence the response shown in Figure [L.5(c), but less the
response shown in Figures [1.5(a) and [L.5(b). The load, deflection, and deforma-
tions are out-of-phase during a low-mass impact, whereas they are more or less
in phase during a high-mass impact. Moreover, due to more localized deflection,
small-mass impactors cause higher impact loads and earlier damage initiation
than large-mass impactors with the same kinetic energy. Studies on the influence
of impactor mass (38) show that low-mass impactors cause much larger delamina-
tions than high-mass impactors, as shown in Figure[[.6] These results demonstrate
also that the response and damage are influenced by the duration of the impact,
not just the impact energy.
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Hosur et al. (41)) note that not only energy but also velocity and mass are decisive
factors affecting the response of a laminate. A low mass and high velocity have a
more severe effect than high mass and low velocity.

10J,10 g 10 J, 1.5 kg

Figure 1.6 — Influence of impactor mass (of a 10 J impact with low and high mass), HTA /6376C
carbon/epoxy laminate, handwritten delamination depth (38]).

— The nature and shape of the projectile : Mitrevski et al. (44), in their
work to evaluate the effect of the projectile shape on the impact of composite
structures, conclude that the larger the projectile radius, the larger the delami-
nated area. Conversely, the smaller the impactor radius, the more localized the
contact area, resulting in fiber failure before plate bending. Comparing a hemis-
pherical, conical, and ogival impactor, the hemispherical impactor generates less
permanent indentation, making it harder to detect defects and therefore more
dangerous. Therefore, spherical projectile shapes can be used in our experimental
tests using multi-compressed air cannons. To ensure repeatability, it is preferable
to use surface-treated steel to reduce variability.

— Boundary conditions of the target : In the case of low velocity impacts,
where the contact time is long enough so the structure can react, the boundary
conditions modify the structure’s response to the impact. Indeed, the permitted
movements of the structure will not be the same, and thus the clamped plates
will be less likely to deflect than the simply supported plates at the edges. The
absorbed elastic energy is lower, and therefore the target will be damaged more
quickly. At high velocity, the boundary conditions can be ignored, see Figure[l.5|a.

— The material : Carbon fibers are the most common in aeronautics, although
the impact strengths of glass and aramid are higher than those of carbon, due
to the progressive rupture mode of these fibers compared to the brittle fracture
of carbon fibers. Kevlar fibers have the greatest energy absorption capacity (45)).
Therefore, the choice of Carbon/Epoxy composites over other composites to ad-
dress the multi-impact problem can be justified. The experimental and numerical
methods developed during this work can subsequently be considered for applica-
tion to other composites, such as glass/epoxy or bio-composites, etc.
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— Thickness of the composite : Several experimental studies conclude that im-

pact behavior is related to geometric parameters such as the thickness of the
composite. Indeed, Ulven et al. (46) concluded from their tests on carbon/epoxy
composite plates of thicknesses 3.2 and 6.5mm at high speeds, that thin plates,
therefore more flexible, absorb less energy than thick ones and consequently, trans-
verse damage is more significant in thick plates, while longitudinal damage is al-
most the same. On the other hand, the thicker the plate, the higher its resistance
to perforation since the projectile has more material to penetrate.

G. Caprino and V. Lopresto (47), using the layering [(0°/ — 45°/0°/45°/90°)]s,
show that the thicker the plate, the greater its flexural stiffness and the lower the
permitted deflection, the dominant failure modes are thus induced by shear at
the impact face, unlike thin plates whose onset of failure occurs on the opposite
face of the impact.

Alcock et al. (48)) show the existence of a nonlinear relationship between the thi-
ckness of the specimen and the energy absorbed by different composite specimens,
but the thicker the specimen, the more energy absorbed, as shown in Figure [1.7]
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Figure 1.7 — Impact energy absorbed as a function of composite thickness (48]).

— Stacking sequence : Hosur et al. (41) have performed impact tests on different

stacking sequences. The delaminated surfaces change depending on the layering
chosen. The maximum damage is observed in layers with maximum orientation
difference (90°) such as 0/90 or +45/-45.

H.B. Mokhtar (10)) performed impact tests after 85% wet aging at 70°C on three
types of laminates : Fully isotropic 24 laminates, Fully isotropic 18 laminates
and [45/90/ — 45/0]5. She noted that the damaged area, according to the C-scan
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results, is constant for [45/90/ — 45/0]s and FILs 24, while the damaged area
increases linearly for FILs 18 and the impact damage is generally lower for FILs
24 than for [45/90/ — 45/0],. The stacking sequence determines the structure of
the stiffness matrix (42)) :

— Symmetry : There is no membrane-flexure coupling in the case of symme-
tric laminates. Moreover, symmetric laminates do not show a tendency to
warp due to deformations (contractions) induced during the cooling process
following the implementation process (42]).

— Fiber orientations : The choice of fiber orientation is a compromise that im-

E,(GPa) G,, (GPa)
25
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Figure 1.8 — Variations of elastic moduli according to the fiber orientation in a UD composite
(42).

proves in-plane shear stiffness at the expense of some loss of longitudinal
stiffness. The in-plane modulus is maximum at =0, while the shear modu-
lus is maximum at 6= +45, figure [1.8, Therefore, most laminates contain
these two orientations plus others to respond to different loading directions.
Generally, the composite is balanced ; it contains as many layers oriented
along 6 as -0.

Additionally, in laminated composites, delamination occurs between succes-
sive plies of different orientations due to differences in their bending stiffness.
Fuoss et al. (figure show that the damage size increases significantly
when the angle between two successive plies is less than 30° or greater than

75°.

Furthermore, Hosur et al. (41]) observed that in many cases, the maximum
damage occurs between plies with maximum differences in fiber orientation,
such as 0/90 and +45/-45.

In general, impact damage increases with depth until the maximum size
is reached (starting from the impacted face). The maximum delamination
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Predicted Delamination Area (mnf)

70 ' f . |
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Interface Angle 0

Figure 1.9 — Delamination area as a function of differences in angle between successive plies
under a 7.5 kN load (43).

occurs in the layers near the non-impacted face, at about 75 to 85% of the
thickness of the impacted surface.

— Draping manufacturing : The use of prepreg material is justified whenever
maximum performance is desired for the composite part to be produced. Its ad-
vantages include control of the reinforcement /resin weight percentage, handling
of a single product, and increased safety and hygiene (50). It is preferable to store
the semi-finished product at -18°C in a plastic bag (50). To remove it from storage,
it should be gradually brought to 20°C while protecting it from the ambient air
(50). The plies are then cut and stacked with the desired fiber orientation. Once
the plate is manufactured, we must perform a quality control check to ensure that
we have not generated a concentration of defects during production.

However, several studies that investigate the effect of preloads on the impact

behavior of composites do not observe major differences between a loaded and an
unloaded specimen ((44), (49), (52)).

1.1.3. Damage mechanisms

Due to the heterogeneity of their structure, there is no single mechanism damage of
composites but several types of damage that differ in nature and mode of development

(54)), figure [1.10}

The first internal damage to be triggered is usually matrix cracking, which then
causes delamination initiations at the upper and lower interfaces of the concerned
ply (55)). Later, fiber failure occurs due to compression and local stress concentration
around the indentation or due to extensional bending deformation (56). As a result,
the overall failure process in composites is often considered as an accumulation process
of different types of damage (57), see figure [1.11]
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fiber breaking

fiber/matri
debending

matrix cracking

Figure 1.10 — Damage mechanisms of a laminated composite (53)).

Matrix cracking :

Open blocked delaminations

Figure 1.11 — illustration of damage types : micrographic sections after an impact at 25 J (553)).

Matrix cracking is the primary failure mode due to impact resulting from the dif-
ference in properties between the matrix and fibers (58). Figures on the left and
right show the complex matrix cracking system that forms after impact using two
different mechanisms :

— Shear-induced cracking primarily develops under the impact zone in the center of
the plate (Figure [1.12]), inclined at 45° to the normal direction to the interfaces

(53)

— Cracking due to transverse tensile stresses observed in the lower structure plies.

In thick plates (stiffer in bending), the first type of cracking is initiated first, while
in thin plates, cracking due to transverse tensile stresses predominates (59).
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Figure 1.12 — Matrix cracking : dominated by shear (left), tension (right) (56]).

Delamination :

Delamination corresponds to local decohesion between adjacent layers of different
orientations, linked to a significant concentration of shear stresses that generally ini-
tiates in the lower interface of the plies (60)). Delamination is generally considered as
the result of a difference in bending stiffness between adjacent plies; therefore, the
plies will separate under out-of-plane load as they deform differently. The propagation
of delamination can lead to the ruin of the composite structure (53)), even if this is not
generally the case in impact. Delamination is the main mode of damage in composite
structures and one of the main defects of unidirectional laminates is out-of-plane fai-
lure, due to both a three-dimensional stress field and the presence of couplings between
out-of-plane and in-plane failure modes (cracking in plies) (I13]). A physical explana-
tion of this interaction is proposed by M. Renault (111)) and schematized by C. Bouvet

(79)) in figure [1.13]
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Figure 1.13 — Formation mechanism of delaminations (a) and interface tension stress zones (b)
(79).

Several delamination propagation modes can be distinguished depending on the
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mode of solicitation of the sub-laminates on either side of the crack; it should be
noted that, in practice, delamination results from a combination of these modes. This
combination depends on both the material type, stacking sequence, and solicitations
(61)) -
— Mode I or opening mode (Figure left), which is the most critical, then mode
IT and finally mode IIT (62)), where the crack propagates locally under the effect
of a traction load at the crack tip.

— Mode II or sliding mode (Figure middle) where the crack propagates by
shear 1-2 of the interface, and the two plies slide relatively to each other in the
propagation direction.

— Mode IIT or tearing mode (Figure right) where ply sliding occurs in the
out-of-plane direction.

Each mode of propagation can be associated with a strain energy release rate
(SERR) G per unit area of cracked zone, which can be traced back to the energy
required for propagating a crack within the material in the context of a linear elas-
tic fracture mechanics (LEFM) approach. A critical SERR, G., refers to the value of
energy release rate required for crack propagation, this energy is dissipated to propa-
gate the Fracture Process Zone (FPZ), and depends on several parameters such as the
stacking sequence, fiber /matrix couple, manufacturing method, fiber volume fractions

(FVF), ete. (100). If :
— G < G, : not enough energy to drive the extension of the crack.
— G = G, : critical moment for stable crack extension.
— G > G, : unstable crack extension.

ASTM has created standards or is working on standards to measure GG, under a variety
of loading conditions (71)) : the ASTM standard for mode I loading (ASTM D5528) uses
the double cantilever beam (DCB) test to measure the pure mode I fracture toughness
(G1e). The End Notch Flexure (ENF) test is used for pure mode II fracture toughness
(G11c). The mixed-mode bending (MMB) test is an ASTM standard (ASTM D6671)
that can measure fracture toughness over a wide range of combinations of Mode I and
Mode II loading. For pure mode III, the Edge Crack Torsion Test (ECT) can be used
to measure fracture toughness.

A diagram of damage from impact on a quasi-isotropic laminate is presented in
Figure[1.15] Eve O. (53) shows that the position of delaminations within the thickness
seems to depend on the loading, the thickness of the material, the size of the damage
and the depth of the indentation. He conducted tests on bi-axial specimens (subjected
to combined tension and compression stresses) by increasing the volume of damage
in the impact zone, which showed that delaminations propagated in the first half of
the thickness (impacted face). Furthermore, the delamination presents a spiral pattern
that rotates around the center of impact, and the main direction of the delamination
coincides with the fiber orientation in the lower ply (64).

In the case of a structure subjected to an impact, the mode of crack propagation
depends mainly on the impact velocity. For velocities lower than ten meters per second,

21



Multi-impact behavior of composite structures : experimental and numerical approach

T”zz 3,
I Il 111
023
,421 AN

'l' G322

Figure 1.14 — Delamination fracture modes (100).

the specimen behaves globally like a plate subjected to a three-point bending stress.
The plies of the laminate then start to slide against each other during the plate’s
deflection, resulting in a delamination crack propagation mode mainly in mode II.
On the other hand, during a high-velocity impact, the damage is dominated by wave
propagation effects that induce crack propagation modes in mode I at the impact point
and mode IT around it (56]).
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Figure 1.15 — Schematic of impact-damaged delaminations through the thickness of a
[—45/0/45/90]54 plate (63).

Fiber breakage :

Even though this type of damage may not necessarily appear during low energy
impact and this type of damage usually occurs later than delamination (and therefore
after matrix cracking), fiber rupture can still occur on the impact surface due to
compression and concentration of local stresses around the indentation. It can also be
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observed in the lower plies due to extensional deformation by bending (56). However,
fiber rupture due to tension is not often observed during low velocity impact (65)).

Damage coupling :

Depending on the type of loading, one or more modes of failure may be activated
(61)). Figure shows a typical scenario of damage evolution in a laminate :

— Appearance of matrix microcracking and fiber-matrix decohesion (Figure
step 1).

— Grouping of several microdamages and appearance of transverse cracks. Then
appearance of micro-delaminations, when the cracks reach the interface between
plies (step 2-3).

— Macroscopic failure, by delamination, fiber rupture and matrix cracking, depen-
ding on the type of loading and stacking sequence (step 4).

—

Figure 1.16 — Chronology of composite laminate failure (61)).

Permanent indentation :

The final residual indentation after relaxation of the impact load is called permanent
indentation. Several studies explain such permanent deformation : Abi Abdallah et al.
(66)) proposed a theory based on the blocking of debris inside matrix cracks, preventing
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them from closing, as shown in Figure [I.17} Figure [I.18 shows a typical permanent
indentation obtained by low velocity impact on laminated composites (559)).

Debris

Figure 1.17 — Blocking of debris inside matrix cracks (66]).
Shi Seng et al. (67) and Tan et al. (68), took into account the part of the indentation

related to plastic deformation caused by shear. Chen et al. (69) presented a study
showing that indentation can also be influenced by fiber failure.

45°

Impacted side Permanent

indentation

Figure 1.18 — Typical permanent indentation measured by DIC on the impacted face (55).

1.1.4. Loads affecting the impact resistance of composites

— Effect of temperature : The effect of temperature variations for both low and
high temperature ranges has been experimentally studied in relation to impact
damage on Carbon/Epoxy laminates. Increasing the temperature of a CFRP
laminate resulted in a decrease in the impact-induced delamination zones.

Rio et al. (70) examined the impact response of CFRP laminates at low impact
velocities under low-temperature conditions. Square specimens of Carbon/Epoxy
laminates with different sequences (unidirectional, cross-ply, quasi-isotropic, and
woven) were tested using a drop weight test. The test temperature ranged from
20 to -150°C. The damage was measured by C-scan inspection, and damage
mechanisms were studied by optical and scanning electron microscopy. Figure
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shows that, cooling the laminate before impact had an effect on the damage
similar to that of increasing the impact energy, i.e., a greater extension of matrix
cracking and delamination, a deeper indentation on the impacted side, and a
more severe fiber detachment. The threshold energy decreased by up to 50% in

A : Impacted side, at 20°C (left), -60°C (center) and -150°C (right)

B: Non-impacted side, 20°C (left), -60°C (center) and -130°C (right)

Figure 1.19 — Effect of temperature on the impact behavior of Carbon/Epoxy laminates (70).

the quasi-isotropic laminate when the temperature dropped from 20 to -150°C.
Low temperatures produced interlaminar residual thermal stresses in the quasi-
isotropic composites, high enough to accelerate matrix cracking and delamination
during low-velocity impact.

— Fatigue and repeated impacts : The analysis of impact fatigue phenomena
was presented in the study by (72). The fatigue life was found to be a function
of fiber orientation relative to the impact loading direction. There is a minimum
impact energy for failure to occur.

Roy et al. (73) found that a well-defined impact-fatigue (S-N) behavior was obser-
ved in notched composites with 63.5% glass fiber/vinyl-ester resin. The residual
strength measured after impact fatigue showed initial strength retention at high
impact energy levels, followed by gradual and then rapid drop. The residual mo-
dulus and fracture toughness showed a gradual decrease with increasing number
of impacts. The composite failure under impact-fatigue was explained by the
concentration of volume micro-cracks.

Jang et al. (74) show that for a given laminate, there exists a critical incident
energy, E., beyond which significant damage in the form of delamination will oc-
LogPh
TogP)
as a function of logN (where N is the number of repeated impacts, P2 is the

cur under a single repeated impact. In this case, the slope b of the curve (
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Figure 1.20 — Number of impacts to create the first delamination as a function of incident
energy for : (a) glass-epoxy and graphite-epoxy, and (b) Kevlar-epoxy composites
(74)).

maximum load at the first impact and P2 is the maximum load at the N re-
peated impact), can be used as an index of damage tolerance ; the smaller b is, the
more resistant the material is to damage. Figure M(b) demonstrates that, when
an incident energy of about 4 J or above was applied to the Kevlar-fabric compo-
sites, delamination would occur at the first impact. When an incident energy of
approximately 3 J was used, no delamination was detected until the tenth impact.
Clearly, the critical incident energy, E., to produce delamination damage in this
composite is between 3 and 4 J. As shown in figure [1.20a), the glass-fabric/epoxy
material delaminated when impacted twice with an incident energy (F;), of about
7 J. For all the epoxy composites studied, a cumulative mode of matrix micro-
cracking was found to prevail at the sub-critical stage of impact-fatigue response
before the formation of macroscopic delamination. When repeated impacts conti-
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nue after the onset of delamination, the delamination cracks increase in size and
number, resulting in a continuous loss of composite strength and stiffness.

Figure 1.21 — SEM observations : (a) original sample, (b) sample subjected to 8 hours of aging,
(c) sample subjected to 24 hours of aging. SEM shear sample : (d) original
sample, (e) 8-hour aging sample, (f) 24-hour aging sample (75)).

— Aging : The aging of composites results from the combined action of tempera-
ture, humidity, and environmental pressure, as well as from the conditions of their
implementation (type of process, cooking cycle inducing residual stresses) and the
structure of the material (76]). It corresponds to an often irreversible evolution
of the material’s properties, and its study requires complex, multi-physical, and
multi-scale approaches. By focusing on the effects of aging on mechanical beha-
vior, we exclude aging processes such as chemical aging, photo-chemical aging
(which remains a superficial phenomenon a few micrometers away from the spe-
cific properties of composites), etc. and we generally focus on wet and thermal
aging (50)).

Figure shows images from the scanning electron microscope (SEM) of three-
point bending and interlaminar shear tests of different specimens, it concludes
that the impact resistance of CFRP has been improved : Figure [1.21|(a) shows the
morphology of the fracture of the virgin specimen, with a few fibers pulled out but
still adhering to the surface, indicating good interfacial bonding. Figure [1.21|(b)
shows the morphology of the fracture of the specimen aged for 8 hours, with
some fibers clearly pulled out of the matrix. The surface is smooth without resin,
indicating that the bonding strength between fiber and matrix is significantly
reduced. Figure[1.21|(c) shows the case of 24 hours. The fiber surface is smooth and
separates from the resin, and the resin structure is seriously damaged, confirming
that the interfacial bonding strength is further reduced, leading to a continuous
decrease in mechanical properties. Figure (d) shows the fiber is well wrapped
by the resin without detachment. Figure [1.21)(e) shows the brittle fracture of
the resin disappears, indicating that compared with the original samples, the
samples aged for 8 hours are more resistant, confirming that the impact resistance
of CFRP has been improved. Figure [1.21](f) shows that the fiber and resin are
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severely damaged, with a large number of fiber and resin fragments, indicating
that after hygrothermal aging, shear performance decreases significantly.

1.1.5. Multi-impacts of composite structures

Rezasefat et al. (84]) describe an experimental and numerical study that investigates
how pre-existing impact damage affects the low-velocity impact response of Carbon
Fiber Reinforced Polymer (CFRP). The results indicate that the location of impact
plays a crucial role in determining the mechanical response and damage to composite
skin panels. When the impact location moves towards the panel boundaries, there is a
significant increase in impact bending stiffness. Moreover, the presence of pre-existing
impact damage measuring 805 mm? from a 40 J impact at the center of the skin panel
results in a more complex impact response that is dependent on the impact location
with respect to the previous damage area. However, when the impact is far away from
the previous damage, the panel shows no significant difference in response compared
to a similar impact on an undamaged specimen.

Kueh et al. (85) provide a review of recent research works on the response of sand-
wich structures to single and repetitive low-velocity impacts. The paper covers im-
pact energies ranging from 0.06-360 J, impact velocities of 0.5-34.2 m /s, and repeated
impact numbers up to 400 times. The main performance metrics used to evaluate
impact resistance are force-time, displacement-time, velocity-time, acceleration-time,
force-deformation, energy-time, and energy absorption. The review recommends an
integrated, non-dimensional term to combine all these metrics for overall impact per-
formance assessment. Failure modes of sandwich structures under impact include fiber
breakage, matrix cracking, skin perforation, skin-core debonding, skin delamination,
core crushing, core shear, core buckling, and skin wrinkling. The paper also covers
factors that affect sandwich structure resistance, such as the thickness and stacking
sequence of skin, core thickness, core density, core number, impactor mass, impac-
tor velocity, impactor geometry, temperature and moisture, and support condition.
Repetitive impacts are dominated by indentation, penetration, and perforation and
are more destructive since they compromise further the strength and integrity of the
sandwich structures. Even so, repetitive impact behavior though more realistic is com-
paratively less studied compared to single impact. Variation of the energy absorbed
plastically correlates inversely with the impact number, since the elements that will
be damaged at low energies are already broken, leaving only elements that require
more energy to be damaged. In addition, with the new surfaces created, more energy
is dissipated in the form of friction. Lower impact energy causes then a higher impact
number to full perforation.

The dimensionless impact resistance efficiency index relating the most critical pa-
rameters is introduced by Abo Sabah et al. (90) to ensure a meaningful impact per-
formance assessment on the sandwich beam designs. The impact resistance efficiency
index takes into account the mass of the structures as well since lightweight is one
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of the chief attractive features for advanced structures. For such purpose, an impact
resistance efficiency index, I, is introduced as the following equation :

_ Eabs'Fmax
Ag-g-mp -1+ Omax

I, (1.2)

where F,ps is the absorbed energy, Fj.. is the maximum contact force, Ay is the
damage area, g is the gravitational acceleration, my is the sandwich beam mass, ¢ is
the sandwich beam thickness, and oy,,x is the maximum stress in the sandwich beam.
The chief reason I, contains various effects is such that it is in a dimensionless form.
Such a concept is applied in the theories of Buckingham’s Pi and similitude, commonly
seen in the fluid mechanics studies. This work demonstrates by means of this newly
proposed impact performance index that, with a low penalty of mass and thickness
addition due to a dual-core design, the new sandwich beam design improves conside-
rably the overall impact behavior of that employs conventional configuration.

Huo et al. (86) discusses the study of the delamination propagation behavior of
multidirectional CFRP composite laminates under two identical indentations with dif-
ferent loading distances. The study found that delamination link-up is a distinguishing
damage feature for multiple-indented laminates, and the critical loading distance for
delamination link-up can be predicted using the proposed method (based on a concise
Hashin-type delamination propagation criterion). The study concludes that, neighbou-
ring damage effects cause a larger projected delamination area than the sum of two
identical out-of-plane quasi-static indentation cases, figure [[.22] The study also sug-
gests that the reduction in the effective delamination growth threshold at the critical
delamination link-up interfaces was independent of the indentation force. However, the
study has the limitation that the first indentation delamination and its effects on the
global critical second indentation stress profile were not considered. The study recom-
mends the use of the cohesive zone model (CZM) to model the delamination damage
because of the need for modeling techniques that account for delamination-induced ply
material degradation. The study acknowledges the need for further research conside-
ring additional factors such as stress wave, rate sensitivity of material, plate vibration,
laminate configuration, delamination growth in arbitrary directions and ply interfaces,
and more complex loading conditions consisting of three or more indentations.

Deka et al. (87) aimed to investigate the effects of high-velocity impact on S2-
glass/epoxy laminates under single and multi-site near sequential and simultaneous
impact conditions. The results showed that sequential impact led to a higher increase
in new surface creation compared to simultaneous impact. Additionally, for two and
three projectile impacts, sequential impact resulted in a 23.0% and 14.2% increase
in delamination damage (projected surface), respectively, compared to simultaneous
impact. The residual velocity of the projectile was influenced by stress wave interac-
tions along the primary yarns and the amount of delamination damage developed. As
projectiles impacted the damaged regions, the decrease in contact stiffness reduced the
ability of the laminate to absorb energy, resulting in an increase in exit velocity in both
sequential and simultaneous impact scenarios. The study found that the delamination
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Figure 1.22 — Influence of neighbouring damage on delamination growth in multiple indented
composites (80).

parameter Sy (delamination scale factor, introduced to match the predicted results to
experimental values, the value of Sy is iterated based upon the laminate architecture
and interface condition), and the strain softening parameter m; (to take account of the
phenomenon where the material experiences a decrease in its stiffness or resistance to
deformation as the applied strain increases), were the most sensitive in achieving close
correlation with the experimental test results in the modeling study.

Vaidya et al. (88) investigates the response of S2-glass/epoxy balsa core sandwich
structures to high-velocity impact through experiments and finite element modeling.
The study models the progressive damage and delamination of the composite face-
sheet using LS-DYNA with material model MAT 162. Impact on the balsa wood core
was simulated using MAT 2 and MAT 143. The study shows that simultaneous im-
pacts result in significantly more damage compared to single impacts, and that the
balsa wood core is effective in absorbing energy. The study found that FEA captured
the main features of the impact phenomenon and predicted different damage modes
in close agreement with the experiment.

Garzon-Hernandez et al. (120) investigated the impact mechanical behavior of SFR
(thermoplastic polymers reinforced with short fibres) thermoplastics under single and
multiple impacts, using SCFR PEEK (short carbon fibre reinforced polyether-ether-
ketone ) as the baseline material. The results showed that the ballistic limit from single
impact cannot be extrapolated to sequential and simultaneous tests. Sequential tests
resulted in a reduction in the ballistic limit when a second or subsequent projectile
impacts the target, while simultaneous impact tests showed a reduction in the ballistic
limit with respect to single impact. The interaction between cracks propagation, stress
waves, and complex bending effects were observed to govern the fracture mechanisms
and the damage extent.

Boyd et al. (127) evaluated the multi-impact performance of SWEAVES2/SC-15
composites with and without TPU (thermoplastic polyurethan) film inter-layers of
varying thicknesses. The results showed that the use of TPU film inter-layers with
3-D pre-forms significantly increased durability and damage tolerance. However, much
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work still needs to be done, including examining the unique properties of different TPU
films, developing a modeling framework, creating a hybrid composite, and performing
higher energy impact testing on thicker sections. The research demonstrated promise
for designing more durable composite systems to meet emerging structural composite
applications.

1.1.6. Input parameters

In terms of impact events, the figure summarizes the range of energy for each
type of impact on an airplane (95)). The impact energy is on average 22.82 J with a
standard deviation of 18.77 J.

Section Area Impact risk Energy (1)
Falling tools 4
Upper wing skin Mear fuselage (inboard) Aircraft lifting equipment 20
Refuelling by gravity 20
Outboard Falling tools 4
Lower wing skin Outboard + inboard Hail impact 30-35
Outhoard Lading of pylons 16
Inboard Runaway debris 12-22

Mounting of
(1) Fin 57
(2) Rudder 10
(3) Hyd. Reservoir 29
Toip 4) H?,.fd. Accumulator 28
(5) Air brake 6
(6) Precooler 62
Rear fuselage Engine lifting equipment 44
A/C lifting equipment 57
Ramming of service 19

Mounting of
(1) Hyd. Reservoir 5
] (2) Precooler 11

Sides :

(3) Air brake 6
Engine lifting equipment 8
A/C lifting equipment 20

Figure 1.23 — Risks and energies of typical impacts on an airplane.

In the automotive industry, hailstones and gravel impacts remain the most common.
The roof, hood, trunk, and front and rear bumper remain the most affected compo-
nents. In a world where the use of composites is not only developed in aeronautics,
taking into account these effects for the new generation cars (with a very important
percentage of composites, example in figure , understanding the impact pheno-
mena will be undoubtedly useful for this field too.
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Figure 1.24 — The Lamborghini composite LB744 “monofuselage.” The entire front structure is
composite with aluminum alloys used for the rear. Photo Credit : Lamborghini
(139)

The Pareto chart (figure [1.25]), whose data is taken from a report by the French
national road safety agency on gravel projections (96)), traces the distribution of the
number of gravel in decreasing order of frequency, with a cumulative line on a secondary
axis in the form of a percentage of the total. It can be observed that 80% of the gravel
in our sample weighs between 0.25 and 1.25 g, and the weight of the heaviest gravel is
3.9 g, which corresponds to an energy of a few J for a speed between 0 and 130 km/h
(personal cars) and about ten J for a maximum speed of 372.6 km/h (corresponding to
the speed record at which Colombian Juan Pablo Montoya was flashed while driving
a Formula 1).

The report concluded that the gravel is not projected backwards from the vehicle,
but lifted vertically with a tendency to describe a trajectory in the direction of the
vehicle’s movement. This implies that only the speed of the following vehicle can pro-
vide the necessary energy to break its windshield, hood, bumper, or other component
hit by a gravel lifted by the preceding vehicle, knowing that the height of the rear and
lateral projections exceeds 1 m from 60-70 km/h, and that the projection distance,
or more precisely the distance traveled by the car during the lifting of the gravel, is
around 20 to 25 m for rear projections and 2 to 3 m for lateral projections.

As for hail, its size varies between 5 mm and 5 cm in diameter, and up to 15 cm
in extreme cases. Its density is about 0.85 to 0.90 g/em?. It should be noted that as
soon as water droplets have a temperature of -13 °C, they transform into an icy core,
which is the beginning of the hail (102)).

The ANELFA (Association Nationale d’Etudes et de Lutte contre les Fléaux Atmo-
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Figure 1.25 — Distribution of the gravel recovered during the the first test campaign of the
french national road safety organization.

sphériques) offers a scale constructed using hail meters based on the measurement of
nearly 4000 hail falls recorded in France since 1988. Table [I.1] summarizes the impact
parameters of the hailstones.

1.1.7. Low and medium velocity impact test benches

Low Velocity Impact (LVI) tests on composites can be conducted using various
types of equipment. Typically, impact is induced using an oscillating pendulum (Izod
and Charpy), a falling weight, a rotating inertia wheel, or a projectile driven by a
gas gun. When the velocity and kinetic energy of a striking mass vary, energy is
transferred and work is applied to the specimen (energy is absorbed through elastic
and plastic deformation, hysteresis effects, friction between the specimen and test
setup, and acquisition of kinetic energy by the specimen).

To achieve a desired average impact velocity, the most commonly used test benches
are the drop tower and gas guns or Hopkinson bars. For gas guns, by changing the
compressing fluid, the section and length of the gun, the mass of the projectile, and
the distance between the gun and the specimen, impact velocity can be varied. Figure
[1.26] shows the frequently used configuration of compressed gas guns. The free-edge
condition is preferred to maintain a behavior more representative of a large structure
(77)). Fully clamped boundary conditions are also generally used and representative of
small or medium-sized parts (39) tested following various standards such as Airbus
AITM 1-0010 (78). Instrumentation for this type of test is limited by sensor perfor-
mance requirements. It is possible to instrument the projectile with a force sensor or
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Diameter (mm) | Mass (g) | Velocity (m/s) | Kinetic energy (J)
5 0.06 9.7 0.003
10 0.48 13.7 0.045
15 1.61 16.8 0.23
20 3.81 19.4 0.72
25 7.44 21.7 1.75
30 12.86 23.8 3.63
40 30.49 274 11.5
20 59.56 30.7 28
60 102.9 33.6 58
70 163.4 36.3 108

TABLE 1.1. — Mass, velocity and impact energy of hailstones.

accelerometer, but this method has limitations : impact velocities below 50 m/s and
signal losses caused by frequent wire rupture (77). E. Olivier (53)) implemented an ex-
perimental procedure to follow the propagation of delaminated surfaces by attaching
US sensors to the periphery of the largest delaminations and recording A-scans in
real-time.

Windage
and elevation
adjustment

Universal receiver with

hﬂ . N 1_

127 x 127 panel mounted in test
frame

Figure 1.26 — Example of a single-barrel gas gun for ballistic impact testing : (a) gun and
adjustment elements, (b) close-up view of the target and setup, (c) assembly
showing pairs of chronographs and the target (5).

Referring to the energy absorbed by the sample, by measuring the projectile velocity
before and after impact, the simplified expression for absorbed energy is :
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1 2 2
Eabsorbed = 5 X Mpall X (V;nitial - V;"esidual) (13)

Hosur et al. (41]) observed that the impact of the gas cannon causes more severe damage
than the impact of the falling mass. After a certain energy level, the response of the
laminate is similar for both types of impact, indicating that the effect is localized at
the point of impact and that the extent of damage is almost the same.

To measure the residual velocity of the ball, P. Deconinck (I6) sets up a system
with multiple laser beams in order to try to grid the area in which the projectile was
likely to bounce using a laser whose beam is reflected between two parallel mirrors.
The use of high-speed cameras for velocity measurement is possible by respecting the
camera’s parallelism with the projectile trajectory and the rules of focus, namely, the
correct adjustment of the three internal exposure parameters "the exposure triangle'
(shutter speed, aperture, and ISO sensitivity).

Precision ballistic chronographs also provide accurate velocity measurements over a
wide variety of shooting conditions. The use of these chronographs remains possible
provided that the trajectory of the ball is controlled without damaging the chrono-
graphs. It should be noted that several types of chronographs are not certified, and it
is up to the user to seek to ensure the accuracy of the chronograph.

Shield Box

Pressure
Regulator

Window Target
Specimen

Solenoid
Gas Valve Gun Barrel \
Cylinder Breech Supporter
r 3
" gﬁ-—” ) |
Steel \ Steel
Section Section

400 mm 4000 mm 600 mm

Y

Pressure
Wessel

¥ [
r 3

-

L
Y

r 3
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Figure 1.27 — Gas launcher for high-speed impact testing ().

Trellu et al. (80) created a speckle pattern on the sphere to track its motion using
image correlation techniques developed by Passieux et al. (81)). This enables the mea-
surement of the impact force curves as a function of ball displacement for different
shooting velocities. Regarding boundary conditions, the composite plate is only sup-
ported on an impact window that corresponds to the area of interest in the specimen.

Figure shows the general configuration of a gas launcher used for high-speed im-
pact tests. The system consists of a pressure vessel, a firing mechanism, a launch unit,
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a capture chamber, and a velocity measurement unit. This type of cannon is capable
of launching a projectile with an initial velocity of less than 700 m/s at a reservoir
pressure of 150 bars. A higher velocity is possible if a lighter projectile and higher re-
servoir pressure are used (82)). Further details on the development and instrumentation
of cannons are studied in Chapter 2.

The literature lacks precise definitions of the terms used to differentiate between the
various cases of impact and multi-impact, so that certain multi-impacts cases are still
missing from the literature, such as the comparison between cases of sequential impact
at different energies and simultaneous impact, the effect of the number of simultaneous
impacts on composite structures, the effect of the distance between impacts, etc. More
precise definitions are proposed in Chapter 3.

1.2. Impact modeling methods for composite materials

To limit the cost of experimental tests required for the validation of composite
structures, numerical modeling is generally used, which also allows for a finer physical
understanding of the phenomenon under study by imagining new tests and validating
new observations (79). Numerical simulation also makes it easier to establish similarity
rules to account for scale effects between the test model and the real model (32)).

It should be noted that, unlike numerical models, analytical models make it possible
to directly see the influence of impact parameters on the global response and extent
of delamination, allowing for rapid pre-sizing of composite structures, with simple and
unique impact geometries and configurations (other models are required to simulate
post-impact damage growth) (107), but do not provide precise information on the
nature of damage within the laminate. Model types can be mainly divided in three
(108) :

— Energy-based models : a global model focused on energy transfer and storage
within the system during dynamic events. They often involve deriving equations
of motion based on the system’s potential and kinetic energy, and can provide
insights into the overall energy distribution and dissipation during vibrations or
impact events (108]).

— Mass-spring models : The plate is represented by its mass and stiffnesses in
membrane, bending, and shearing, and the impactor, which is very rigid compared
to the plate, is modeled by a point mass. These models are often limited to a
specific impact configuration (109)).

— Multi-degree of freedom models : This model fully takes into account the
dynamic behavior of the structure, and the response of the impacted structure is
derived from the combination of the different natural modes of the entire struc-
ture.

Looking back to numerical methods, two approaches are distinguished in the litera-
ture for in-plane damage ; the discrete approach and the continuous approach :
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The first approach proposed ((79), (110), (I12))) consists of considering cracking as a
local decohesion of the material and thus having a discrete view of damage. The struc-
ture is discretized into volume elements linked together by damageable elements, figure
1.28, This approach provides damage patterns that are consistent with experimental
tests. However, they are not easily transportable to industrial calculation codes due
to their sensitivity to meshing and their reliance on strong assumptions, such as the
verticality of matrix cracks (plies must be very thin compared to the total thickness of
the laminate) (32)). The same approach is not applied to fibers, for meshing complexity
reasons ([79).

Matrix cracking
(interface elements)

[0°]> ply

[90°], ply

Delammation
(interface elements)

Fibre failure
(volume elements)

Figure 1.28 — A discrete ply modeling of damage principle (79)).

The second approach relies on the continuity of damage within the ply. These models
are based on continuous damage mechanics, and the damage to the constituents of the
laminate plies is integrated into the behavior law through its effects (32)). To model
delamination, cohesive zone elements are used to join the plies together while allowing
for the degradation of this interface (32). Material models based on continuous damage
mechanics also provide damage patterns that are consistent with experimental obser-
vations. The advantage of this approach over the first one is that it is less intrusive
because it only requires the implementation of a material behavior law and not spe-
cific finite elements. Its use is more frequent with explicit industrial calculation codes
(LS-DYNA, Abaqus, etc.). Softening behavior models, i.e., models with a progressive
transition from the damaged state to complete rupture of the material, require certain
precautions, as they can artificially localize damage in a row of elements and are the-
refore more sensitive to meshing (32]).

In order to model the damages caused by impact, the construction of the numerical
model (contact and displacement) and the material model (to predict the initiation and
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propagation of damages) is necessary, see figure . It should be noted that the failure
of composite structures is due to both local and global phenomena of the laminated
structure, which represents another source of difficulty in numerical modeling.

Typically, the experimental setup components, such as the impactor and the cla-
ming system, are represented using rigid elements since they are assumed to be non-
deformable with respect to the composite plate.

Mesh (target+impactor).
Time and space discretization.

Boundary conditions.

Numerical model

Management of contact or equivalent displacements.
Interface management (cohesive models...).

Numerical modeling of
impact

Linear domain: elasticity.

Three-dimensional
Material model ———— damageable viscoelastic Non-linear domain: viscoelasticity + damage.
behavior of laminate

Management of the position and number of interfaces.

Figure 1.29 — Scheme for constructing a numerical model of impact loading.

To more quickly and easily solve the non-linearities associated with impact loading
(geometric, contact, etc.), and avoid divergences associated with these non-linearities,
the numerical solution is mainly of an explicit dynamic type, or implicit when low-
speed damages are assimilated to a quasi-static out-of-plane indentation, table [1.2]
compares the two resolution methods.

To describe delamination, several approaches are possible (I13), namely : First,
rupture criteria that are not complicated to implement and allow the initiation of
delamination to be predicted. Then, crack propagation is considered instantaneous
and leads the structure to failure. Second, Griffith criteria, used for delamination
propagation. However, initiation of delamination is not described by this approach.
Third, cohesive zone models that can handle both the initiation and propagation of
delamination.

1.2.1. Damage criteria

Many damage criteria are available in the literature ((114), (115), (116), (117)),
differing mainly by the number of parameters to identify. These criteria consist of
comparing the applied stresses to experimentally obtained admissible values.

The Hashin criterion (114) is widely used due to its simplicity of implementation. It
takes into account fiber ruptures and matrix cracking (rarely used for delamination,
which is often modeled by introducing cohesive zones at the interface). Hashin propo-
sed different failure modes associated with the fibre tow and the matrix, considering,
in both modes, differences in tension and compression, as shown in figure [I.30] Its
formulation can be summarized by the following equations :
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Implicit

Explicit

Solving a linear
system
(expensive)

When the problem is not
sufficiently regular or is strongly
non-linear, Newton’s iterative
process requires many iterations
or fine time steps, leading to
prohibitive costs.

No solving of a linear system is
required. Quantities are obtained
directly, reducing computational

cost per increment.

Convergence to

Increment validation requires

The explicit solution requires

equilibrium residue minimization, but it does | user expertise to understand and
not guarantee overall convergence validate the results due to
regardless of the time step. potential errors caused by
absence of iterations.
Stability Implicit schemes are Explicit schemes are

unconditionally stable with a
judicious choice of 5 and 7,
enabling larger time steps
compared to explicit schemes.

conditionally stable. If At < (%),
the computation can become
expensive due to a high number
of increments.

Non-regular
solutions

Non-regularities can hinder
Newton’s iterative process,
causing convergence issues.

Absence of an iterative process
allows addressing such problems,
but user expertise is crucial for
interpreting and validating the
obtained results.

TABLE 1.2. — Comparison of resolution methods for a finite element problem (32)).

— Fiber rupture in tension (ozz, > 0) :

= (34) v () =1

X7

(1.4)

Here, a accounts for the shear stress for fiber rupture in tension and is equal to
1 (I14) or 0 (I18).

— Fiber rupture in compression (orz < 0) :

— Matrix cracking in tension (opp > 0) :

s = (31)'+ (2

— Matrix cracking in compression (o7 < 0) :

o= () + (%

1 (1.5)

— Out-of-plane delamination in tension (o7 > 0) :

o\ 2 oL\ 2
su=("gr) +(G7) +

39

)2 —1 (1.6)
>2 —1 (1.7)
(‘;TPTI’)Q —1 (1.8)



Multi-impact behavior of composite structures : experimental and numerical approach

— Out-of-plane delamination in compression (o < 0) :

o\ 2 o\ 2 o\ 2
su= () + (i) + (5r) =1 (19)
The table [L.3] describes each variable.
Variable Description
OLL Longitudinal stress
orr Transverse stress
o Out-of-plane stress
orr, orr, o | In-plane shear stress in the LT, LT’, and T'T" planes, respectively
XT Xx¢ Longitudinal tensile and compressive strengths, respectively
yT yc¢ Transverse tensile and compressive strengths, respectively
ANAS Out-of-plane tensile and compressive strengths, respectively
St In-plane shear strength
SH Out-of-plane shear strength

TABLE 1.3. — Description of the Hashin criterion variables.

- { BNy - | =
§ o’ { B
Fibre Tensile Failure Fibre Compressive Failure
od ..
=00 -
ey o
Matrix Tensile Failure Matrix Compressive Failure
| #) @

Matrix Failure in Thickness Direction

Figure 1.30 — Illustration of failure modes described in Hashin-type failure criteria (51J).

1.2.2. Damage evolution

The evolution of damage can be driven by different variables :
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— dy : fiber rupture.
— d,, : matrix cracking.

— dg : delamination.

Their values evolve from 0 (undamaged state) to 1 (completely damaged state)
(practically, for numerical convergence reasons, the maximum value is set to 0.999).
Their evolution depends on the value of the criterion S,, (zz = fc, ft, mt, mc, dc, dt)
compared to 1, according to the following equation (83)) :

d; = oy max(Sup[S;] — 1, ) (1.10)

The Sup function allows preserving the maximum value of S; during the simulation.
SZQ is the damage threshold, which is set to 1 in the case of the Hashin criterion. «y; is
the parameter representing the kinetics of damage. A higher value indicates a faster
progression of the corresponding damage, a sensitivity analysis must be conducted for
each type of damage. To account for the effect of damage on the ultimate strength

values, they are updated by multiplying the initial rupture property and stiffness values
by (1 —d;).

1.2.3. Delamination propagation criteria

Assuming that Gjo, Grio, and Gyre are the interlaminar fracture toughnesses for
the three pure modes (I, II, and III), a propagation law based on these values governs
the expansion of the initial crack. Practically, two or three delamination modes can be
coupled, then it is necessary to calculate the toughness for the mode mixity seen by
the crack front. Several propagation criteria are proposed in the literature :

— Power law : One of the most used criteria in the literature for carbon/epoxy

laminates (122), it is expressed as follows :

Gr .o Grr
“Lyey +
Gro ( Grrc ( Grrrc

Grrr .

>1 (1.11)

where « is the shape parameter allowing adjustment of the experimental points.
When a = 1, the linear criterion is used, and when o = 2, the quadratic criterion
is imposed (120)

— Benzeggagh-Kenane :

More recent, it can be expressed in 2D as in 3D (assuming that G5 = Gjy),
with the possibility of differentiating or not the II and III fracture modes :

In 2D :

Grr

G =Gre+ (Grie — GIO)(m>

o (1.12)
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In 3D :

Grr+Grrr o

Go = Gre + (Grre — GIC)(GI + G+ Grpr

(1.13)

The crack propagation is governed by the degradation at the end of the damage
variable d based on bilinear, trapezoidal, polynomial, or linear polynomial laws. The
curve [1.31| presents the main parameters of the damage variable in a typical linear
traction-separation curve used for fracture modes I, II, and III. (125)

Geubelle and Baylor (135) used a bi-linear traction-separation relationship applied
to matrix cracking and delamination problems in laminated composite plates. To si-
mulate delamination problems in composite materials, Hamitouche et al. (121)) used
an irreversible bi-linear damageable behavior model. Camacho and Ortiz (136]) used a
linear model for impact problems with damage in brittle materials. Simulation of de-
lamination using the Finite Element Method (FEM) can be performed, among others,
using the Virtual Crack Closure Technique (VCCT) or using cohesive zone models.
There are other numerical analysis methods such as the XFEM or extended Finite
Element Method and the multi-scale approach (120).

Single-mode loading Mixed-mode loading

A Th
7 EXEErTen

< 2
aur Au

Au{‘ ''''' s i .—‘--'AJ_)«-

Figure 1.31 — Typical linear traction-separation curve used for fracture modes I, II, and III.

The damage variable d has a linear impact on the numerical stiffness. When d = 0,
the interface remains intact, while d = 1 indicates complete damage of the interface,
resulting in the dissipation of a surface energy equal to .. This variable can be
expressed as in equation 1.14 :

f _ 50
S (01 — 01

where 6/ 60 are, respectively, the initial and final effective displacement. &, is the
equivalent displacement value taking into account fracture modes I, 11, and III. It is

obtained as follows :
Om = \/02 + 02 + 07 (1.15)

where o; (i = n, s,t) denotes, respectively, the stress vector in the normal (n), shear
(s), and tangential (¢) directions.
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o, = K(1 —d)d,
oy = K(1— d)d, (1.16)
Ot = K(l — d)(;t

According to the Benzeggagh-Kenane law, &/ is expressed as follows

5/ — w5 (Gre + (Gre = Gic)€"] 6, >0 (1.17)
" (61)2 + (6)2 8, <0 '
where § = g— and p is experimentally determined, and £ = % When the fracture

is more dominated by mode I, £ = 0, and when the fracture is rather dominated by
mode II (§ =1 and = 0).

The value of K in the Benzeggagh-Kenane law is a material-dependent parameter.
It represents the ratio of the mixed-mode fracture toughness, Grrrc, to the mode I
fracture toughness, Gj¢. In other words, K can be defined as :

Gic
Gic

In addition, The VCCT method is based on the fact that the energy released during
delamination propagation is equal to the work required to close the crack in its initial
position. The rate of energy release is related to nodal forces and relative nodal displa-
cements. However, the calculation of fracture parameters requires nodal variables and
topological information of the nodes upstream and downstream of the crack tip, which
generates difficulties generally overcome by the use of cohesive zone models (Cohesive
Zone Model : CZM) (120).

Cohesive finite elements (COH3DS8 in the Abaqus library) can predict both dela-
mination initiation and propagation. However, they have their own definition of the
stiffness of the cohesive layer, or interfacial stiffness, with a dependence on the element
size in the crack propagation zone (I38)

The modeling of delamination is usually done by introducing cohesive zones at
the interface, the major advantage of this model is to take into account the existing
coupling between the different modes of linear fracture mechanics ensuring the ability
to predict delamination initiation and propagation(121)).

The cohesive model relates stresses to displacement jumps across an interface where
the crack can form. The initiation of damage is related to the maximum values of
the different stresses at the interfaces. However, when the energy dissipated in the
cohesive element is equal to the critical SERR of the material, the tension becomes
zero. Thus, a new crack front is formed (121)). A CZM element is characterized by the
crack initiation conditions, and the crack growth function.

In LS-DYNA, solid elements ELFORM 19 and ELFORM 20 are intended to be
used with cohesive material models. The formulation of element 19 defines traction on
the mid-surface as midpoints between the nodes, and the element has four integration
points. The element accepts an initial volume of zero, meaning it can be used for

K =

(1.18)
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bonding between solid elements. ELFORM 20 is identical but has offsets for shells
(123).

1.2.4. Simulation of multi-impact using FEA

Very few studies have treated numerically multi-impact configurations on compo-
site structures. In particular, Deka et al. (87) used Hypermesh and Finite Element
Model Builder (FEMB) for pre-processing, while LS-DYNA was used to analyze the
damage caused by high-velocity projectile impact on a three-layer S2-glass-epoxy com-
posite plate. The material model MAT 162, which is based on Hashin’s failure criteria
and incorporates the Continuum Damage Mechanics (CDM) approach, was used to
simulate the damage caused by impact on the composite laminate. The strain softe-
ning parameters for the composite laminate were calibrated using quasi-static punch
shear tests, and a combination of four different sections were used to describe the
load versus displacement curve. The simulation maintained the same specimen di-
mensions and boundary conditions as the experiment. The study demonstrated the
feasibility of using FEA to simulate multi-impact on composites and provided insights
into the damage mechanisms involved. The impact velocity was held constant at 223.1
m/s (standard deviation = 19.1 m/s), which is above the ballistic limit. The average
energy absorption was 43.9 J, figure [[.32] Plate elements were used, delaminations
were not modeled, the main objective was to reproduce the perforation.

102.02 m s’ 106.53 ms™'
91.8ms"

Figure 1.32 — (a) Simultaneous impact positions of the three projectiles and (b) residual velo-
city after penetration (87)

In Rezasefat et al. (84) study, the finite element models were developed at four le-
vels of complexity to simulate the damage behavior of carbon fiber reinforced polymer
(CFRP) composites subjected to low-velocity impacts. The simplest simulations were
performed on single elements under cyclic loads to verify the accuracy of the progres-
sive damage model. The simulations were performed using C3D8R elements (8 nodes
volume element with reduced integration) with enhanced hourglass control and a co-
hesive element interface between plies. The simulation of multiple impacts was done
in a single-step explicit FE model, where the material state at the end of each loading
step becomes the initial material state for the next step. The approach of hitting the
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panel by impactors at the same simulation step was considered valid, figure [1.33] The
mechanical properties of the CFRP composites used in the simulation were obtained
from experiments or literature.

2

Second impactor

First impactor

Rigid steel clamps «_

(a) (b)

Figure 1.33 — The FE models : (a) Impact on coupon specimen, (b) Multiple impacts on skin

panel (84)).

In the literature, case studies in FEA for sequential impacts are missing, due to
the time required to return to equilibrium of the impacted plates and the complexity
of the plate stabilization after impact (especially in explicit), we therefore propose to
modify the DPM to optimize computation time in sequential configurations. Moreover,
in practice, it is difficult to have simultaneous cases with a time lag of 0 ms. We
then propose to perform simultaneous cases with a small time lag and compare them
with perfectly simultaneous cases. Several other multi-impact configurations are tested
experimentally and numerically, and certain modifications to the DPM are introduced
to take account of the phenomena observed experimentally. Throughout this thesis, a
test-simulation dialogue is maintained, comparing experimental results to numerical
results at each step, and feeding the data analysis with observations noted during
post-processing to achieve comprehensive analysis results.
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Conclusion

This literature review chapter has provided a comprehensive overview of the beha-
vior of composite structures under impact conditions. Through an extensive analysis of
existing research, several key findings and insights have emerged. However, the study
of multi-impact behavior is still lacking. Few articles cover this topic, and even then
we generally mix up several impacts arriving at the same time and those arriving re-
peatedly. The numerical study of multi-impact is also very limited, with the absence of
certain cases such as sequential impacts, which are extremely resource-intensive given
the time required to allow the plate to stabilize.

The main conclusions from this chapter are :

— Firstly, it is evident that impact loading can induce various damage mechanisms
in composite materials, including delamination, fiber breakage, matrix cracking,
and interfacial debonding. The severity and extent of damage depend on factors
such as impact energy, projectiles’ shape and nature, material properties, stacking
sequence and boundary conditions.

— Secondly, the structural performance of composite materials tends to degrade
over multiple impact events, as cumulative damage accumulates and weakens the
material’s integrity. Understanding the progressive damage evolution and its ef-
fects on structural response is crucial for ensuring the long-term durability and
reliability of composite structures. However, a detailed description of the pheno-
mena involved is lacking to explain these different increases in damage following
several impacts, and whether or not this is always the case.

— Thirdly, research efforts have been directed towards developing experimental tech-
niques and numerical models to capture the complex behavior of composite struc-
tures under impact loading. Advanced testing methods, such as high-speed ima-
ging, digital image correlation and US control, have enabled the characterization
of damage initiation, propagation, and post-impact residual strength.

— Fourthly, numerical simulations, including finite element analysis and multiscale
modeling, have provided valuable insights into the stress distribution, energy
absorption, and failure mechanisms of composite structures under impact condi-
tions. These modeling approaches facilitate the optimization of composite struc-
tures for enhanced impact resistance and damage tolerance. In the case of multiple
impacts, this is not the case, given the limited number of studies that focus on
these more complex cases, which are more costly in terms of calculation time but,
on the other hand, more general than a single impact case.

— Furthermore, impact test benches are various, from classic machines that guide
displacement and force contact between the impactor and the plate using a falling
mass, to those in the form of bars or cannons. However, there is a scarcity of test
benches that control both the spatial and temporal lag between impacts and the
number of impacts, which are very important input parameters for multi-impact
studies.
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Overall, this chapter highlights the importance of understanding the impact behavior
of composite structures and its implications for real-world applications. By synthesizing
the existing knowledge and identifying research gaps, it serves as a foundation for
the subsequent experimental and numerical investigations presented in the following
chapters. The advancements in testing methods, damage monitoring, and data analysis
showcased in this study contribute to the ongoing efforts in designing robust and
reliable composite structures capable of withstanding impacts and multi-impacts.

This thesis plan is therefore to develop a reliable experimental bench for the study
of multi-impact behavior of composite structures, and then to pilot a test-calculation
dialogue to introduce the missing cases of multi-impact in the literature, both experi-
mentally and numerically.

Chapter 1
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2. Compressed air cannon for multi-impacts testing

Introduction

Understanding the response and damage evolution of composites subjected to mul-
tiple impact events is crucial for designing robust and reliable structures capable of
withstanding complex loading scenarios. To facilitate this research, the development of
specialized test rigs that can generate controlled and repeatable multi-impact condi-
tions is essential.

In this chapter, we present the development and characterization of a novel test rig,
namely the "Compressed Air Cannon', designed specifically for studying the multi-
impact behavior of composite materials. The Compressed Air Cannon offers several
advantages over traditional impact testing methods, such as drop weight towers or
pendulum impactors. It allows for controlled and adjustable impact energy, impact
angle, spatial and temporal lag as well as the number of impacts, enabling a wide
range of multi-impact scenarios to be investigated (see appendix |Al).

The primary objective of this chapter is to provide a detailed description of the de-
sign and construction of the Compressed Air Cannon test rig. We will discuss the key
components, including the pressurized air system, projectile launch mechanism, target
mounting arrangement, and data acquisition system. Additionally, the calibration pro-
cedures and validation experiments conducted to ensure the accuracy and reliability
of the test rig will be outlined.

Furthermore, we will present the experimental methodologies employed to assess
the multi-impact response of composite specimens using the Compressed Air Cannon.
This includes the selection of appropriate impact parameters, specimen preparation
and mounting techniques, and the instrumentation for capturing impact-induced res-
ponses such as displacement and damage progression. The data obtained from these
experiments will provide valuable insights into the damage mechanisms and the energy
absorption characteristics presented in chapters 3 to 5.

2.1. Purpose and input parameters

The purpose of this chapter is to present the development of an air cannon for multi-
impact testing on composite structures. The control of the main factors of the impact
study, i.e. impact energy, impact velocity, impactor size and boundary conditions, is
a main objective. In addition, other parameters such as the number of impacts, si-
multaneity and repeatability of impacts must be precisely controlled to ensure reliable
results. It is also important to control the falling height of the projectiles and the
number of cannons to be launched sequentially or simultaneously. To monitor damage
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in-situ, the system must be equipped with sensors to measure the deformation of the
composite structures and track the various damage mechanisms. These data can be
correlated with numerical models to better understand and then predict the behavior
of materials subjected to multiple impacts under other conditions.

bending
and torsion slress
caused by impact
manoeuvres
and gust
upper forward fuselage
longitudinal comprassion stress
;J;% Iz:gs hail impact caused by braking
causing tension impact
and compression stress caused
by bird strike

N\

D00000000000000000 00000 00000000000000 { y /|
impact

during ground operations N
hoop stress
caused by
cabin pressurization
shear stress

due to bending and torsion
caused by lateral gust

gravel impact keel beam
from runway debris compression stress
caused by landing load case

Figure 2.1 — Multi-impacts examples and resulting stresses (94)).

Multi-impact testing of composite structures is an innovative way to evaluate the
resistance to repeated, sequential or simultaneous impacts of these materials, unlike
single impact tests, which measure the resistance to a single impact at a given velo-
city and energy. Multi-impact tests provide more realistic conditions by exposing the
structure to multiple impacts of varying shapes and sizes at varying energies over va-
rying areas. This provides a better understanding of the behavior of composites under
real-life cycle conditions, where the structure may be randomly subjected to several
impacts during its life cycle. For example, in cases of projection of external objects
such as debris and gravel, hailstones, bird strikes, tire debris, tool drops during ma-
nufacturing or maintenance operations, figure 2.1} The originality of the multi-impact
tests comes from taking into account the synergistic effects of the interaction of stress
waves induced by the different projectiles and which modify the global response of the
structure. These tests enable the acquisition of more accurate and detailed data on
composites’ performance in real-life cycle situations. The results of these tests can help
to improve the design of composite structures by allowing researchers to determine the
variation in the amount of energy absorbed during multiple impacts and understand
the interaction between the damage due to these impacts, and thus optimize the im-
pact resistance.
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The development of this new test bench involved several key steps. First, it was es-
sential to determine the application requirements and functional specifications of the
cannon, namely to make sequential or simultaneous multi-impacts in different areas
of the target plate for a given velocity and energy range and given projectile shapes
and sizes. Then, we identified and improved technical solutions that meet these re-
quirements which are also effective and efficient. Once the design was finalized, we
proceeded to the manufacturing and assembly of the cannon components. Testing and
verification was performed throughout the manufacturing process to ensure the quality
and accuracy of the system. Finally, once the cannon is completed, calibration tests
are performed to verify that all functionality and performance are within the original
specifications and to test the reliability of the cannon. Throughout this process, ca-
reful planning, thoughtful design, and rigorous testing have resulted in a reliable and
accurate test system that can be used to validate the performance of impact loaded
structures in a variety of application areas.

Input parameters :

Understanding the interaction between several impacts is the ultimate goal of this
work. However, this behavior will always depend on some general parameters like the
material, the number of plies, the stacking sequence, etc. Although, these parameters
do not directly affect the development of the air cannon, it is then important to focus
on the key parameters for the study of the "multi-impact" aspect and for the choice
of technical solutions to develop the dedicated test bench, such as : impact energy,
impact velocity, impactor size, impactor stiffness and boundary conditions. Therefore,
we have set the following objectives :

= Required velocity interval

Impact velocities are generally classified into 3 categories :

— Low velocity : this category is generally defined as less than about 10 m/s. This
may include situations such as low speed automobile impacts or falling objects
(tools drop during maintenance or manufacturing operations, luggage, etc.) from
a relatively low height.

— Intermediate velocity : this category is generally defined as being between ap-
proximately 10 m/s and 100 m/s. This can include ground impact situations
such as hailstones, road gravels, birdstrikes or drones impacts, etc.

— High velocity : this category is generally defined as greater than approximately
150 m/s. This can include high impact situations such as high-altitude bird strikes
and space debris impacts. For example, impacts on propeller blades, such as those
caused by engine explosions.
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Over the short and medium term, we are seeking to identify and understand the
interaction between low and medium velocity impacts and then reproduce hail or gravel
impact situations. Therefore, we are designing the length and volume of the reservoirs
to go up to 100 m/s. For the pressure, we are taking the maximum pressure allowed
by the laboratory’s air compressor (9 bars). It should be noted that it will always be
possible to realize higher speed impacts by adding a compressed air booster at the
entrance of the air reservoirs or by changing the used gas, etc.

= Required energy interval

The impact energies can vary depending on the mass and speed of the projectile.
They are generally classified into 3 categories :

— Low impact energy (less than 10 J) : these impacts generally result in minor
damage. For example, hail impacts (up to 40 mm diameter hailstones) or small
gravels.

— Medium impact energy (between 10 and 50 J) : these impacts can cause more
significant damage, such as cracks in the material. For example, hail impacts,
which are one of the most common types of ground impacts, can vary in size and
energy, but in general, typical hail impacts have an energy of 5 to 20 J, according
to data from ANELFA (Association Nationale d’Etudes et de Lutte contre les
Fléaux Atmosphériques).

— High impact energy (between 50 and 5000 J) : these impacts are often associated
with more severe accidents, such as vehicle collisions or aircraft accidents.

Probability Levels
@ Prob (E>10J)

@ Prob (E>50J)

35% -
g Prob (E>100J)
30% - .

25% -
20% -
15% 4
10% 4
ol
0%

Probability

70 80 90 100 110 120

Take Off Speed (ms-1)

Figure 2.2 — Impact energy probability as a function of take-off speed (based on runway debris
collected from 4 British military air bases (84)).
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The purpose of this work is mainly to understand the interaction between several
impacts, and not necessarily to reach the structure that best resists the impacts, so it
is not important to go to high impact energies and to save the material of the speci-
mens as well.

We have chosen to perform impacts up to 50 J in order to cover a range of energies
from low to medium. It is also the energy where there is the highest probability of
impact near the ground for an aircraft, figure[2.2] However, it is important to underline
that is also possible to easily increase the impact energy by modifying the mass of the
projectile.

= Impactor material, shape and dimensions

To ensure reproducibility of the multi-impact tests and to facilitate numerical mo-
deling, we opted for an impactor that can be assumed to be infinitely rigid (made
of steel, which can absorb and dissipate a large amount of energy without deforming
or breaking). Secondly, a smooth and uniform surface is chosen, which facilitates the
measurement of the impact force and the energy absorbed during the collision. The
impactor must also be available in large quantities and of the same dimensions. For
this purpose, we used surface-treated steel balls to perform the multi-impact tests. To
study the effect of impactor size, 10 and 20 mm diameter balls are used.

In order to be able to make impacts with hail and gravel, we provided a sabot to ensure
the tightness and the repeatability of the impact parameters (friction, simultaneity,
etc.).

= Clamping system dimensions

The distance between the impacts is one of the key parameters, so it was decided to
perform tests on the largest plate dimensions we can manufacture using the laboratory
thermopress taking into account the edges section cutting. Then, the impacts would
be on a 350x350 mm? plates.

= Why not a conventional impact machine or cannon?

The standard impact test machines only allow single or repeated impacts with li-
mited velocities and energies, but they do not allow precise management of the time
and space lag between impacts, nor of the number of impacts per desired multi-impact
configuration. The Hokpinson bars and other cannons allow to reach higher energies,
but do not allow a large number of simultaneous/out-of-phase impacts while varying
the impact areas, angles of impacts, etc. For that, we have chosen the development of
a new cannon for the specific objectives of this study.

The following procedure is proposed for developing the compressed-air cannon and
validating its performance, a detailed presentation of each step is given next :
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Set input parameters (basic projectile characteristics and desired range of energy and velocity)
Theoretical calculation of velocity (and energy) at cannon exit
Calculate theoretically the velocity, energy and trajectory of the ball at impact
Set key design parameters (impact energy and the cannons’ lengths)
Set maximum distance between cannon exit and plate to be impacted
Verify cannon repeatability

Design other cannon components (reservoirs, mounting systems, control programs, etc.)

Define procedures and operating modes

2.2. Mathematical formulation of key cannon design parameters

Electromagnetic pin

Compressed air reservoir / Patm
l \ Culasse

-~

Impact plate

Vo, Po

Projectile

Figure 2.3 — Cross-section of an air cannon.
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We are interested in the kinetic energy at the instant of impact E., of a projectile
(steel ball) of mass m,, launched from a cannon with an initial air pressure Fy, towards
a plate at a distance d from the cannon exit. We model the cannon as a reservoir of
volume V, connected to a long guiding tube of length L and cross-section .S, the shot
is released by an electromagnetic pin (see figure [2.3). Once the projectile is launched
along x, the cannon reservoir volume V' (z) increases as function of x, the pressurized
air contained in the reservoir P(z) expands according to Boyle-Mariotte’s law :

FyVo PyVo
P = = 2.1
)=V Vet s (2.1)
Assuming the projectile is a rigid body, according to Newton’s second law :
S Fi=m,-a (2.2)

Where 15"Z represents the external forces exerted on the projectile, and @ is the acce-
leration of its center of mass G.

The external forces are the compressed air force SP,(z), minus the air force S Py,
and minus the frictional force (F) between the projectile and the guiding tubes, where
P,(z) is the compressed air pressure, Py, is atmospheric pressure. If the cannon is
not inclined, the equation of motion at the exit of the tubes is then written (where v,
is the velocity at the exit of the cannon) :

dv dv dx dx

— /mp cv.dv = /(S.Pp(as) — 8. Py — Fy).dx,

1 S.L
— §mp.v§ = Py.Vo. In(1 + 70) — S.L.Pyy, — L.Fy

S-L

0

2
:>06:\J<P0-V0-1n<1+ )—S-L-Patm—L-Ff> (2.4)
mp
The equation is used to check the cannon’s repeatability, see figure 2.6 Sub-
sequently, the kinetic energy at the exit of the cannon E. can then be expressed
as :
1 S.L
E, = §mp.v§ = Py.Vo. In(1 + 7) — S.L.Pyy, — L.Fy (2.5)
0
Among these parameters, Py, and Fy are known (in this case, neglecting the coef-
ficient of friction distorts the calculation in relation to the experimental results, which
may be due to the tight adjustment of the inner diameter of the guiding tubes. F is not
neglected but measured precisely using the inclined plane, figure , Py is defined by
the maximum capacity of the laboratory compressor (9 bars), m, and S are defined by
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the scientific application of these tests (see the section 2.1 Purpose and input parame-
ters), m, = 32.7 g for steel balls of 20 mm diameter and 4 g for balls of 10 mm diameter.

Before looking for the expression of E.,, it is necessary to complete the calculation
of the velocity at the exit of the cannon v., in which case the coefficient of friction
is required. The maximum value of the friction coefficient f was measured using the
experimental device shown with the notations used in figure [2.4] its expression is given
by equation [2.6|

Py — P,sin(a)
P, cos(a)

f=

= 0.19 + 0.02 (2.6)

where, Pys is the weight at which the steel ball of weight P, starts moving. «
represents the angle of inclination of the cannon relative to the ground (z-axis in

figure .

Inextensible thread —
Mouvement P'y

D —

Q

s —h

Steel ball

Guide tube

Figure 2.4 — Experimental setup for static friction factor measurement

As shown in figure , from 0.0055 m?, the term V; has little influence on the impact
energy value. For example, for the final design and at 4 bars, the velocity at the exit
of the cannon is equal to 51.55 m/s for a V, of 0.0055 m?, it is equal to 49.23 m/s for
0.001 m? and to 52.03 m/s for 0.05 m3.

L remains the most important parameter for the sizing of the cannon’s guiding
tubes. In addition, the volume of the guide tubes for the balls of 20 mm of diameter
is 9.42 x 107> m?3, it is 5.1025 x 107> m? for the balls of 10 mm of diameter, it is thus
important to ensure a necessary volume for the balls of 20 mm which will be sufficient
for the balls of 10 mm (the opposite is not true), 0.0055 m? is the chosen volume of
the reservoirs.

To size the cannons, we need to find the right length of the guiding tubes according
to the desired energy and the dimensions of the projectiles (which are already fixed).
We then need to find a formula that links the energy at the moment of impact E,
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Variation of the kinetic energy at the cannon exit as a function of VO Variation of the kinetic energy at the cannon exit as a function of PO
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Figure 2.5 — Kinetic energy values at the cannon’s exit as a function of the other design para-
meters (chosen design values in dotted line).

(and not E. , since the energy of the projectile decreases with the distance from the
cannon exit to the plate to be impacted) and the length of the cannons. We note that
equation is also used to size the cannon lengths, where P is the average pressure
all along the cannon :
I v? - my
2-§-P
Many cannons are positioned horizontally. In our case, to change the distance bet-
ween impacts, we change the inclination of the cannons (we can also change the in-
clination just to study the effect of the impact angle). Looking at each cannon, the
most important inclination is «, since we can consider x to be the axis of each cannon
separately. The kinetic energy at the moment of impact E., given by an accelerated
ball from its velocity at the exit of the cannon (v.), as a function of the angle of its
trajectory to the horizontal («), is given by equation , where d is the distance it
has travelled from the cannon exit and « is the angle between the horizontal and the
vertical (figure , and ¢ is the gravitational acceleration.

(2.7)
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’ 2 Ve - COS (Y

d
E. = My [vz — 2g.d.tan o + (g) ] (2.8)

We have taken a cannon length of 650 mm for the 10 mm diameter balls to reach
up to 100 m/s, and a cannon length of 300 mm allowing to reach up to 100 J with the
20 mm diameter balls.

During experimental campaigns, it is generally necessary to change the impact
energy on a given impact zone. In our case, if the plate is far from the cannon exit, we
cannot impact the same point with two different energies. Therefore, depending on the
desired range of energy, we need to set a maximum distance d,,,; to reduce the drop
of the ball, with a precision of £§ (a is the precision parameter to be set). This time,
both angles of inclination (figure must be taken into account to track the exact
trajectory of the ball, d,,,, can be determined with the equations of the trajectory :

where h is the height from which the pIOJectile is launched, ( is the angle between
the depth and the horizontal (figure [2.3).

To impact the same point with two different impact energies, and thus two different
velocities at the cannon exit (v; and vy), where vy is the minimum velocity correspon-
ding to the smallest energy value of the range covered by the experimental campaign
and v is the maximum velocity, the maximum distance between the cannon exit and
the plate, which must not be exceeded, is given by :

v1-19)2 2-a-cos?(a
dmax — \J( ; 2)2 : ( ) (210)
vy — U1 g

This distance allows also the accessibility to the area between the cannon exit and
the plate to be impacted, in order to put measuring instruments or other devices. We
set a distance of 0.96 m allowing to realize impacts at 15 J and 30 J with an accuracy
over the impact zone of i% mim.

The two most important relationships are those shown in the boxes. In addition,
several other parameters can be calculated, for example, the ball takes 31 ms to impact
the plate at a velocity of 30 m/s. Indeed, the time of flight, ¢, to cross a distance d is
given by the equation [2.11]

d Ve -Sinav 4+ y/ (Ve - sina)2 +2-qg- h
t= — U ) ! (2.11)
Ve - COS O g
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To measure the ability of the cannon to reproduce the impact parameters, while
varying the velocity, the angle of impact, the distance d, the guiding tubes, etc., an
experimental campaign was conducted to verify the repeatability. The maximum error
measured between shots of 0.5 to 4 bars, in 0.5-bar increments, is 0.9%, see [2.6/and
(based on 3 tests per pressure and 5 different pressures per cannon). The exit velocity
results correlate very well with the analytical model presented above, the repeatability
across all five cannons is quite accurate, the experimental curves are superposed, figure
ﬁ. The velocity reaches 50 m/s at 4 bars, as expected, so the experimental campaign
can be launched and the results can be reliable, given the reduced error, figure [2.7]

a0 | —e—Cannon 1
[ —&— Cannon 2
—&— Cannon 3

Cannon 4
—&—Cannon 5

______

—&— Theoretical values

0.5 1.0 1.5 2.0 25 3.0 35 4.0

Figure 2.6 — (P-V) Abacus : experimental tests of impact velocity as a function of reservoir
pressure and comparison with theoretical calculations.

In order to use the high-speed camera to measure the velocities just before and
after impact, a reliable and cheap way to measure the velocities at the exit of the
cannons was sought. These measurements were carried out using a chronograph, it
measures the speed by calculating the duration of passage of the ball between the two
infrared rays, see figure 2.8, As this chronograph is not certified, the comparison of
the velocity measurements with the chronograph and with the high speed camera was
carried on. The idea is to measure the time of crossing of the ball between the two
gaps (t) with the high speed camera, and to compare this value with the one displayed
on the chronograph, the maximum difference between the measurements is 0.68 m/s
for tests between 20 m/s and 55 m/s.

Experimentally, the kinetic energy stocked in the structure (see more details about
this energy in figure [3.18)), is measured with the velocities just before impact and just
after impact, using the following formula :

1

AE. = 5 M (v — v]%) (2.12)

29



Multi-impact behavior of composite structures : experimental and numerical approach

Maximum and minimum errors in velocity at cannon exit
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Figure 2.7 — Max. and min. errors in velocity at cannon exit.
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Figure 2.8 — Working principle and verification of chronograph measurements.

where v; is the velocity before impact, and vy is the velocity after impact.
To check the consistency between experimental and numerical results, we need to

be able to compare the energies and forces involved during the impacts. Given that
the balls cannot be fitted with force sensors (which risk breaking), we need to find
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an alternative method for plotting the load-displacement curves. This was made pos-
sible by processing the films from the high-speed camera (HSC). Using the HSC, the
ball’s displacement is tracked to deduce the time-displacement curve (figure , we
then plot the polynomial function (of 6th order) that fits best through the experimen-
tally recorded points, figure (a). Using the formula of this curve, time-acceleration
curves are then plotted (by calculating the second derivative of the function). This va-
lue is multiplied by the ball’s mass, and finally the distance-force curve, figure (b)

Figure 2.9 — Tracking the ball’s trajectory with the high speed camera. t; = 0 ms : initial
contact time, £y = 0.9 ms : end of contact time.

It is important to mention that we draw a circle as the contour of the ball, to ac-
curately differentiate the ball’s center of gravity, and then to reduce the error due
to the angle between the trajectory of the ball and the high-speed camera, see figure
[2.9] This method is much better in terms of results than tracking a ball point (which
usually changes over time due to the light emitted by the projectors and the reflective
properties of the ball’s surface, and above all it changes with the rotation of the ball).
It is worth mentioning that the accuracy and reliability of the force curve depend on
various factors, such as the quality of the camera images, the precision of the mar-
ker tracking procedures, etc. However, with careful data analysis, high-speed camera
footage can be a valuable tool for capturing and plotting load-displacement curves in
dynamic experiments, figure Since the curve must start at point (0,0), we link
point (0,0) to the value in 0 of the interpolation function.

Once the impact energy and length of the cannon have been set, the next step is to

look at the sizing methods for the other cannon components (reservoirs, firing system),
followed by the control program and operating modes.
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Displacement and acceleration curves (obtained by tracking the ball's path with a high-speed camera)
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Figure 2.10 — Construction of distance-force curve.

2.3. Design of compressed air reservoirs

The ASME (American Society of Mechanical Engineers) code, section VIII, division
1, 2017 edition, offers formulas for calculating shells subjected to internal pressure. For
cylindrical shells (circumferential stress), Figure (a) shows the used formula. As
is usual with the ASME code, corrosion (and tolerances) must be considered in the
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Thickness of shells under internal pressure Unstayed flat heads and covers Experimental verification of the reservoirs
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Figure 2.11 — Compressed air reservoir design : (a) cylindrical part (b) flat circular part (c) :
hydraulic verification test.

application of all design formulas (see UG-25 Corrosion). Corrosion allowances must be
added to the results later. Allowable stresses are listed in ASME code section II, part
D. In our case, we also coated the reservoirs with an anti-corrosion protection paint,
C'1 and C2 are successively considered equal to 0.7 mm and 0.85 mm respectively.
Efficiency Factor E (weld factor in our case) for longitudinal joints (Category A)
shall be determined in accordance with paragraph UW-12. Basically E is between 0.7
to 0.85. For these calculations, a security ratio in regard to the maximum operating
pressure of 1.5 has been considered (P, is then equal to 13.5 bars).
For overcrowding reasons, the external diameter of the reservoirs has been fixed to
facilitate the assembly/disassembly and the inclination of the cannon (Dy = 150 mm),
D is then equal to 145 mm. Finally, the thickness of shells under internal pressure is
tr = 2.5 mm (¢, = 0.96 mm).

For the unstayed flat heads and covers (Figure (b)), C is a factor depending
upon the method of attachment of head, shell dimensions and other items listed in
(ASME Code Section VIII-Division 1- UG-34 (d)), it equals 0.33 in this case. ty is

equal to 10 mm (%,,;, = 8.43 mm).

Experimentally, a hydraulic test was performed to verify the performance of the
reservoirs (Figure (c)), even according to the diagram on page 216 of European
directive 2014/68/EU (On the harmonization of the laws concerning the placing of
pressure equipment on the market), this case is not concerned by the requirements
mentioned in article 4 of the this directive. Indeed, the chosen volume of the reservoir :
5.5 L, pressure : 9 bars. so P.S.V = 49.5bar.L, the limit is 50 bar.L. with air (group II

gas).
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2.4. Sealing and triggering system

To ensure the axial sealing of the triggering system, a bonded seal is used to prevent
compressed air from leaking along the axis of a cannon (external sealing) (Figure ,
this seal is composed of an outer metal part, and an inner rubber part which ensures
sealing by contact with the ball which is pressed into the rubber part. On the other
hand, to prevent leaks between the metal spacers and the interior of the cannon, an
O-ring seal is used to ensure the radial sealing of the system and prevents compressed
air from leaking around the perimeter of the O-ring seal (interior sealing). By using
both a bounded seal and an O-ring seal, the system achieves a satisfying sealing pro-
tection against both axial and radial leaks. The spacers are blocked by a shoulder on
the front and by an inner circlip (housed in the inside of the cannon) on the rear.

To guarantee the quality of this sealing system, the reservoirs are filled with compres-
sed air at different pressures. At each pressure, the bleed valves are closed for several
minutes, to ensure that the pressure does not drop over time.

Metal spacers

ST | e N
1 1 Cylindrical pin
Circlip Bonded seal I]—ring'seal
Compressed air stream
(a) —— Potential leaks (b)

Figure 2.12 — (a) Sealing and triggering system, (b) 3D view of the solenoid.

The triggering of a shot is provided by a cylindrical pin controlled by a solenoid
electromagnets (NAFSA ERC60-20/C ED = 5%, with a maximum force of 54.8 N),
where ED is the ratio of the total duration of power-ups to the total duration of
the cycle sequence. The core of the solenoids is attracted by the magnetic field of
the coil during power up and remains maintained by the magnetic field delivered by
the permanent magnet. Then a simple inversion of the polarity of the power supply
makes it possible to neutralize the magnetic field of the magnet which has the effect
of releasing the core.

The electromagnets of the ERC series are linear electromagnets of simple effect, in
which the movement of stroke from the initial position to the final one is carried out by
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the action of electromagnetic forces, the return to the initial position is carried to effect
by external forces or by a spring integrated to the electromagnet. Their life in number
of operations is much greater then some other series since its guide is manufactured
with friction bearings with teflon film. ED is usually expressed as a percentage. The
lower ED is, the greater the force, but the time of use is less, it is therefore necessary
to apply a numerical control in order not to use these electromagnets more than once
every 10 seconds.

2.5. Vibration and clamping system of the plate

We have verified the fixation of the plates by making several tests to determine the
resonance frequencies and the modal shapes of a simple structure from the Frequency
Response Function (FRF), and finally verify that these two parameters do not change
after each new installation of the plate on the cannon frame.

The frequency response function (the ratio between the response of the structure and
the excitation force) is obtained by using a two-channel analyzer equipped with an
accelerometer and a hammer with a force sensor, see figure [2.13|(a).

-~ Simcenter Teslab
1 software

Simcenter SCADAS S
quisition har& are

| Instrumented Impact
Hammer

Figure 2.13 — Clamping system of the plates on the cannon : (a) support 2 and measuring
points, (b) acquisition system, (c) accelerometer location.

The modal frequency and modal damping can be determined from all frequency
response measurements (except when the excitation or response is in a zero displa-
cement point). However, to have sufficient accuracy, it is necessary to make several
measurements at different points of the structure.

Practically, these frequency response measurements are made using a two-way analy-
zer. The excitation forces (obtained with an impact hammer or a white noise generator)
are measured by a force transducer and the resulting signal is applied to channel A of
the analyzer. The response of the structure under study is measured with an accelero-
meter and the resulting signal is applied to channel B of the analyzer. The frequency
response function of the structure is the complex quotient of the acceleration by the
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force in the frequency domain. With an impact hammer excitation, the response is
measured at a fixed point used as a reference point, and the hammer excitation point
sweeps the different points of the structure used for the model, figure [2.13]

The natural frequencies are the easiest to determine. A resonance is marked by a
peak in the modulus curve of the frequency response function. The accuracy of the
measurement can be increased by measurement by reducing the frequency range or by
using a zoom around the frequency concerned, see figure (a).
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Figure 2.14 — Checking whether the frequencies and eigenmodes of the plates with the two
types of support are the same : (a) results with support 2, (b) results with
support 1.

To determine the modal shapes, it is assumed that the modes are decoupled. In
practice, mechanical structures are often weakly damped (<1%). This implies that
the modes are weakly coupled. For each frequency, the amplitude of the frequency
response function is the sum of the contributions of all modes. When the modes of
the structure are weakly coupled, the response of the structure in the proximity of a
resonance frequency f,, is mainly due to the contribution of this mode. For a structure
modeled by a 1 degree of freedom system, the FRF is purely imaginary at resonance.
The value of the imaginary part of the FRF, at resonance, for a structure with weakly
coupled coupled structure is proportional to the modal displacement. Therefore, by
examining the amplitude of the imaginary part of the FRF, for different points of the
structure, we can determine the modal displacement for each point. Thus, the modal
shape can be traced from the modal displacements. The procedure is then repeated to
determine all the modal shapes in the chosen frequency range, see figure (a).

After checking that the plate fixing conditions are still the same after assembly and
disassembly, the second aim of this section will be to show the two types of support
used. Doubts were expressed about the open corners of support 1, so we made a second
support with closed corners, and then checked the mounting of the plates with the two
types of support. The result shows that there is no great difference between the two.

A support open on the corners (1) was used at first (figure (a)), it was replaced
by a support (2) closed, see figure (b). A new experimental analysis was launched,
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the results show that the frequencies and eigen modes are the same (with a small error
due to the experimental manipulation itself), see figure

o
o
°
o,
°
o
-
°
°
°
<0

Figure 2.15 — (a) previous support(1), (b) new support(2).

Finally, we used the new support, which posed less problems.
All the mechanical parts of the air cannon have been set up, the process of automa-
ting the firing system and securing it will be shown next.

2.6. Automated impacts and data acquisition

We used NI (National Instruments) cards for real-time signal generation and acqui-
sition. These cards are designed to interface with a variety of sensors, instruments,
and other equipment to measure and control signals with high accuracy and precision.
To collect data from displacement sensors (operating at 392 kHz), a NI 9222 was em-
ployed , which is a data acquisition module designed for measuring high-speed voltage
signals. With its ability to acquire data at rates of up to 50 kS/s, the NI 9222 can
capture high-frequency signals and deliver them to a host computer for analysis. Its
differential inputs provide excellent noise rejection, ensuring accurate measurements
even in noisy environments as an air cannon.

Similarly, a NI 9205 was used for pressure sensors data acquisition. It can provide
up to 16 channels of simultaneous sampling with 16-bit resolution and a maximum
sampling rate of 250 kS/s.

The NI 9485 output module was used to control electromagnets. It features 8 chan-
nels, each channel provides access to a solid state relay (SSR) for switching voltages
up to 60 VDC (direct current) or 30 Vrms (root mean square voltage), with switching
current up to 750 mA per channel. This same card was used to externally trig the IR
high speed camera rear chassis with a 3.3 V TTL (Transistor-Transistor Logic) pulse
(5 V max).

A NI ¢cDAQ-9189 CompactDAQ Chassis (8-Slot Ethernet) was used to be able to send
the retrieved data directly to the network via ethernet. This allows to launch impacts
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Figure 2.16 — LabVIEW cannon program : front panel.

-

To develop measurement, test, and control systems using all these NI cards, the
graphical programming environment LabVIEW was used, figure 2.16] LabVIEW pro-
vides a graphical programming interface that allows us to create custom applications
for controlling the compressed air cannon. This interface includes a wide range of tools
for data acquisition, signal processing, control, and communication, which can be ea-
sily adapted to suit the specific requirements of our system.
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Figure 2.17 — LabVIEW cannon program : example of a block diagram.
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To perform sequential impacts, a first program is used, starting by setting the desired
pressure per reservoir and then choosing the number(s) of the cannon(s) to be used
(unused reservoirs are not charged with compressed air by manually closing the valve
positions, see figure . Additionally, the value of the displacements is reset to zero
(for displacement sensors), and the front panel is presented in Figure [2.16]

To create, edit, and run tasks using NI-DAQmzx, a different DAQ assistant can be
used for each cannon. However, this solution cannot ensure a good precision of signal
generation (<1 ms) due to the arbitrary order of execution of commands in the same
window of the same structure. Similarly, the execution order of parallel structures is not
always the same. To ensure a good precision of simultaneity, the same DAQ) assistant
is used, which receives a single signal from data containing a 1D array of waveforms to
write to the task (see Figure 2.17)). Each element in the array corresponds to a channel
in the task.

To check the values displayed by the different measuring instruments, a custom scale
is created for each component. The equation y = mx + b is used, where x represents
a pre-scaled value in volts, and y represents a scaled value (unit depending on the
measured physical quantity). The values of "m" and "b" are determined experimentally
or according to manufacturers’ data-sheets.

For the displacement sensors, gauge blocks are used to verify the displayed and
recorded signals/values. The experimental approach is explained in Figure [2.18|

A.
i G -

- bt

Fixed gauge block |

ol
&

Figure 2.18 — Calibration of displayed values

2.7. Ice and gravel impacts

A sabot a device was used to enable impact tests with different types of projectiles
from a single cannon. The ice projectile is placed in a low density open cell foam sabot
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which can be caught at the end of the barrel, leaving the ice to impact the target
unrestrained. The sabot, a cylinder with an external diameter equal to the internal
diameter of the cannon, and an internal diameter which varies according to the shape
of the gravel or ice to be used as an impactor, is made of a lightweight material (hard
foam), cut to the desired shape with a laser cutter, and is designed to break apart upon
the exit of guiding tubes, allowing the projectile to separate and continue downrange
at high speed. See figure 2.19] for an illustration of these applications.

Cannon

Gravel

@

Ice debris

Gravel

Impact of an ice and a gravel Impact of a gravel

Figure 2.19 — Example of ice and gravel impacts with the compressed air cannon.

Since the mechanical properties of the ice are highly dependent upon temperature,
the ice must be launched at a consistent temperature e.g. -17°C, with only minor
variations of plus or minus 1 degree allowed. This can be achieved by firing the gun
within a few minutes of removing the ice from the freezer (128)).

2.8. Description of the air cannon components

Height and floor dimensions | 1600 x 1000 x 3000 mm?
Weight of the frame 250 kg
Maximum power 6 kW
Maximum voltage 3*420 V+N - 50Hz
Maximum air pressure 9 bars
Noise level (impact) >80 dB(A)
Draining time of the reservoirs 10 s

TABLE 2.1. — Device features.
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Figure 2.20 — Compressed air cannon test bench : (1) Infrared camera (2) Displacement sen-
sors, (3) High-speed camera, (4) Clamping system, (5) Composite panel, (6)
Setting up TV, (7) Chronographs, (8) Laser rangefinder, (9) Laser sight, (10)
Pressure sensors, (11) Electrical enclosure, (12) Triggering system, (13) Guiding
tubes, (14) Compressed air reservoirs, (15) Control room.

The air cannon system, installed in a test room, is composed of (see figure [2.20} and
also appendix |A)) :

— A welded structure supporting 5 cannons arranged in the default position hori-
zontally, independently tiltable, and can be rotated to suit the desired angle of
impact or to change the distance between impacts. The cannons are made of :

— An air reservoir : capacity 5.5 L; external dimensions (diameter 150 mm
length 350 mm) ; skin thickness 2.5 mm ; flat heads thickness 10 mm ; steel
5235 ; operating pressure 9 bars.

— A guide tube adapted to the diameter of the steel balls (10 or 20 mm).

— Breech whose shutter actuated by an electromagnet, the design of these
shutters makes it possible to operate them manually before loading the balls
and automatically for the shots.

— An electrical box in which the power supplies for the electromagnets related
to the shutters are located.

— A welded structure supporting the target (vertically arranged plate).

— Measurement elements :
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— Thermal high-speed camera (FLIR X6800sc) to monitor and track the da-
mage of composite plates in real-time

— The chronographs (Acetech Airsoft Gun AC6000 BT) to measure the pro-
jectiles speed at the exit of the tubes

— The high-speed camera (MotionBLITZ EoSens®mini2) working allows the
measurement of the projectiles velocity before v;[m/s], during and after
vf[m/s] impact.

— Four laser position sensors (Keyence LK-H082) working at a maximum of

392 KHz placed at the back of the plate to measure its displacement during
the impacts.

— Pressure sensors (Schneider electric XMLP010BC71F), to control pressure
in the reservoirs.
After each impact, the plates are checked by an ultrasonic control (C-scan)
in immersion, with a 25 MHz immersion transducer with spherically focused
lens used to transmit and receive the signal.

The cannons are controlled from a control room including (see figure [2.21)) :

Shooting cannon selection during the manual mode (x5)

TR S
o 1

Electromagnets (x5)

Outdoor electrical box
& Control panel

Firing mode switch

(manual’ automatic) E TOW

Safety door lock

Projectile

Purge valves (x5)

Filter regulator &
air interrupter

system Valve position

sensor (x5)

Figure 2.21 — Control room essentials, and the electromagnets and projectiles location in the
cannon.

— An electrical enclosure for power and control.
— A pneumatic supply panel located under the electrical enclosure including :

— A manual decompression valve.
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— A filter and regulator.
— A pressure gauge.
— A pressurization solenoid valve.
— A pressure switch.
— Components for the supply of each compressed air reservoir including :

— A manual valve with an RFID (Radio Frequency IDentification) safety sensor
to ensure that the valve is open.

— A pressure regulator with a pressure gauge.

— A one-way valve mounted in parallel to the above components and passing
in the direction of the reservoir to the pneumatic system.

2.9. Operating Procedures
Figure displays the operating protocol for the compressed air cannon.

The air canon's use procedure

Action Status [ Display

Power on White power light is on

Open the bleed valves

Select the "loading” mode

Press the blinking green light button
to unlock the door

All position detectors are green

Wait 10 seconds. Then the green "door unlocked”
light flashes

Green "door unlocked" light is steady: access
authorized

Open the enclosure, load the balls, close the
enclosure

Green "door unlocked" light flashes

Check the emergency stop, close the door

Set the key switch to the shooting mode

Red "door locked" light is on

g ————————

Press the blue reset button, fill the reservoirs of
the selected cannons In "auto” mode :
« Open the " cannon " application.
« Check the desired pressure and the zero point
of the displacement sensors.
Select the cannons, choose simultaneous or
delayed shooting according to the cannons.
Press “Fire™.
In "manu” mode:
« Select the firing cannon(s) with 1to 5 switches.
« Press the green Fire button to initiate shooting.

Select "manu” or "auto” mode

i ————————————————— -

Figure 2.22 — Operating protocol for the air cannon.
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Running modes :

The start of the air cannon is conditioned by :

— Electricity and compressed air supply servitudes.

— The release of the 2 emergency stop devices.

— The access door to the testing room locking.

— The reset of the safety chain from the "reset" button located on the electrical
enclosure.

The air cannon has two operating modes :

— Automatic : The triggering of the impacts is triggered from a PC.

— Manual : The triggering of the impacts is carried out from the operating devices
located on the control panel.

In automatic mode, the key switch "Loading/Firing" must be in the "Firing" po-
sition, the electromagnets are controlled by the PC, subject to the safety conditions
(door of the test room closed). In manual mode, the key switch "Loading/Firing" must
be in the "Firing" position, the electromagnets are controlled by the green luminous
push button "SHOOT (TIR)" located on the control panel subject to the safety condi-
tions (door of the test room closed).

The automation of this unit is controlled by a configurable safety relay SICK Flexi-
soft.

Stop modes :

The system has two shutdown modes :

— Stopping by releasing the service organs.
— The emergency stop is controlled by 2 push buttons.
— One is placed on the electrical cabinet of the control room.

— The second one at the level of the entrance door of the test room.

They are wired as dual channels to the 11 and 12 inputs of the configurable SICK
FlexiSoft safety relay (folio 3, module 2SICK2).
All actuators are controlled directly by the Flexi-Soft safety relay. In case of emergency
stop, the outputs are set to 0 :

— The 1IKMG contactor powering the 5 electromagnets driving the cannon shutters
(output Q3 module 2SICK2).

— The general compressed air solenoid valve of the pneumatic panel 4EV1 (output

Q4 module 2SICK2).

— The 24 V secured (mark 10.3) supplying the output interface controlled by the PC
for firing in automatic mode (Q4 module 2SICK?5). This output cuts the selection
relays KAUT1 and KAUT2. The contacts of these 2 relays ensure the cut-off of
the electromagnets.
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Air cannons should be operated by authorized and qualified operators. Adjustment
and maintenance operations must be carried out by specialized operators.

Main security features :

position

The key switch Safety c_antmﬂer ""
== P Sick l

; " <. Ailr isolator +
_______ ~ - Pressure switch

Electro ]
magnet (x5) /

Power supply 24v
+ EDM ctrl

Figure 2.23 — Safety system overview.

— The air cannon equipment is totally encased by Lexan protectors, 5 mm thick on
the lateral sides and 6 mm on the upper part. The lateral protectors are mobile,
they are mounted on hinges and they are set up to limit the projections in the
test room.

— The equipment is located in a test room, which can only be accessed via a set of
2 hinged doors equipped with an Allen Bradley type 442G guard locking device.
The contacts of this safety switch are connected in dual channels to the 13 and 14
inputs of the configurable safety relay SICK FlexiSoft (folio 3, module 2SICK2).
Opening the door provides an emergency stop function (see figure [2.23).

— The door release is controlled via output Q1 of the configurable safety relay mo-
dule 2SICK2. This undervoltage release can be activated if the following condi-
tions are met :

— Pressure switch 7P6 detects zero pressure in the pneumatic network, input
I1 of the configurable safety relay SICK FlexiSoft (folio 7, module 2SICK4).
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— The 5 manual valves feeding the air cannon reservoirs are through-valves;
the through-valves are controlled by RFID sensors SICK STR1 wired in dual
channels to the inputs I3 to I8 of the configurable safety relay SICK FlexiSoft
module 2SICK4 and I1 to 14 of module 2SICK5.

— A time delay of 10 seconds has elapsed after opening the general solenoid
valve 4EV1 to allow sufficient time to purge the reservoirs and the pneumatic
system.

— Safety instructions are in place on the access door to the test room.

The electrical enclosure has a main switch with a handle that can be padlocked
in the isolation position.

The pneumatic panel has a manual pressure relief valve that can be padlocked in
the position of isolation of the pneumatic network.

Apave Group for risks Management was able to ensure that the equipment examined
complied with the regulatory provisions applicable to it.

2.10. Insights on outcomes

Using this particular cannon, a detailed study of several new impact configurations
is made possible, for example :

— Analyze the difference between sequential and simultaneous impacts in cases in-
volving interference or absence thereof in damage zones.

— Investigate the interaction of simultaneous impacts at varying distances between
impacts.

— Explore the effect of the number of impacts on tested configurations, considering
a fixed energy per ball and subsequently a fixed total energy, encompassing 1, 2,
3, 4, or 5 impacts.

— Examine the influence of the size of the impactor in 10 and 20 mm ball impacts.

— Investigate the effects of both repeated and simultaneous impacts at different
energy levels.

— Explore the multi-impact cases involving gravels and hailstones.

— Assess the interaction of waves by incorporating piezoelectric sensors on the plates
subjected to impacts.

— Study repeated simultaneous impacts.

According to the FAA (Federal Aviation Administration), an airline reports 8 com-
posite structure damages per aircraft (on average), of which 87% are due to impact,
which corresponds to a cost of $200,000/aircraft (122)).

Using this cannon, the scientific community will be able to gain a better understanding
of multi-impact effects and to reduce companies’ losses by producing more optimized
and reliable composite parts.
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Conclusion

In this chapter, we have presented the development and characterization of the
Compressed Air Cannon, a specialized test rig designed for studying the multi-impact
behavior of composite structures. Through careful design and construction, we have
created a versatile and reliable tool that offers controlled and adjustable impact para-
meters, allowing for a wide range of impact scenarios to be investigated.

We have described the key components of the Compressed Air Cannon, including
the pressurized air system, projectile launch mechanism, target mounting arrangement,
and data acquisition system. The calibration procedures and validation experiments
have ensured the accuracy and reliability of the test rig, providing confidence in the
experimental results obtained. We have also detailed specifications for the cannon to be
developed, and provided the essential equations for the development of such a cannon.

Through the experimental investigations conducted using the Compressed Air Can-
non, we have gained valuable insights into the multi-impact behavior of composite
specimens. The data obtained from these experiments must allowed us to analyze the
damage mechanisms, energy absorption characteristics, and other mechanical proper-
ties of composites subjected to multi-impact loading. This knowledge is essential for
designing composite structures that can withstand real-world multi-impact scenarios
with enhanced durability and performance, and more essential for us to ensure the
dialogue between experiments and numerical calculations in chapters 3-5.

In conclusion, the development of the Compressed Air Cannon test rig represents a
significant advancement in the study of multi-impact behavior in composite structures.
Its capabilities for controlled and adjustable impact scenarios, coupled with the insights
gained through experimental investigations, contribute to the broader understanding
of composite materials and must facilitate over the long term the development of more
reliable and durable structures in various engineering applications.

Chapter 2
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3. Mono-impact behavior of composite structures

Introduction

The mono-impact behavior of composite structures has been a subject of exten-
sive research due to its significant implications for the design and performance of
various engineering applications. Understanding the response of composite materials
to a single impact event is essential for ensuring their structural integrity and relia-
bility under dynamic loading conditions. This chapter presents an investigation into
the mono-impact behavior of composite structures, combining experimental and nu-
merical approaches to gain insights into the underlying mechanisms and enhance the
predictive capabilities.

This chapter presents in detail all the means and methods used during the course
of this thesis, listing in particular the material and manufacturing methods, as well
as in-situ and post-mortem impact monitoring. It also presents the DPM and some
of the modifications made to it. The primary aim of this chapter is to verify the
consistency of the measurement tools and methods used by the various means, by
cross-referencing the results obtained by each means with the others, and then to
validate the performance and reliability (and limitations) of the DPM by comparing
it with the experimental results.

Various impact parameters, such as impact energy, impact velocity, projectiles’ dia-
meter, impact angle and spatial location of impacts, are carefully controlled to si-
mulate real-world impact scenarios. Through high-speed imaging, load measurement
technique, IR imaging and non-destructive evaluation methods, the response of com-
posite materials under mono-impact loading is analyzed. Complementing the expe-
rimental investigations, the numerical simulations enable the exploration of different
impact scenarios, parametric studies, and virtual testing of composite structures under
mono-impact conditions. By integrating the strengths of the experimental and nume-
rical approach, a more holistic understanding of the underlying physics governing the
mono-impact behavior of composites and their failure mechanisms is performed.

3.1. Nomenclature

We will use the following nomenclature to distinguish the different configurations
tested in this thesis : "configuration A/B/C/D/E/ *". Where A is either Sq to indicate
sequential cases, Si to indicate simultaneous impacts or M to indicate a mono-impact
case. B is either 10 to denote the use of 10 mm diameter balls or @20 to denote
the use of 20 mm diameter balls. (' specifies the projectile energy in J. If this energy
is provided by each ball, then D is equal to Ba (per ball), and the energy value is
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specified in C. If D is T (in total), then the value of C represents the total energy with
all the balls. Next, I© denotes the impact position, generally explained in a schematic
at the beginning of the following chapters to distinguish the different possible impact
positions, a summary of the impact positions can also be found in the appendix D] F
denotes the number of impacts in question, and finally, if "*" is added, it means that
it is a configuration of repeated impacts. For example, the designation configuration
Si/220/15J/Ba/0O/2 means that it is a configuration of 2 simultaneous impacts with
an energy of 15 J per ball using 20mm diameter balls positioned at O-position, as
shown in Figure 5.1 We note that tests at 15J with 20 mm diameter balls are carried
out at a velocity of 30 m/s (at 87 m/s for 10 mm diameter balls), the other velocities
at different energies can be calculated knowing that 20 mm diameter balls weigh 32.7
g whereas 10 mm diameter balls weigh 4 g).

Sequential (Sq)

Simultaneous (Si) Diameter Per ball (Ba)
Mono-impact (M) 10 or 20mm In total (T)
Al {Bj——{c] il ] ¥

To simplify the reading of this document, we have added this same nomenclature
in appendix [B] For a more general overview of the tests carried out during this thesis,
please refer to the appendix [C]

3.2. Materials & Methods
3.2.1. The used material

Curing cycle

Temperature ——— - Pressure

co
[e=]

=)
[e=]

40

TEMPERATURE (°C)
N
PRESSURE (BAR)

20 F I b 0,5

0 20 40 60 80 100 120 140 160 180 200
TIME (MIN)

Figure 3.1 — Curing cycle of carbon/epoxy plates.

Composite laminates were processed using the draping method and press molding of
a 380x380 mm? unidirectional carbon fiber /epoxy prepreg, widely used in the trans-
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portation field due to their high specific mechanical properties, fabricated by Gurit,
with a resin content of 37%. The resin used is an epoxy SE 84LV (Low temperature
cure epoxy prepreg), which was cured with a ramp rate of 2°C per minute. The mini-
mum viscosity temperature for curing is 99°C, and the dry glass transition temperature
is 115°C. The cure dwell time was 1 hour. To ensure cure homogeneity and remove
defects related to pre-cure steps, an 80°C temperature plateau was inserted before po-
lymerization. A pressure of 3.5 bar was applied to increase the mechanical properties
of the plates. The curing cycle is shown in Figure|3.1l This curing cycle is based on the
supplier’s data, but the pressure has been set after a number of preliminary tests to
reduce defects after manufacture and ensure uniform thickness for the different panels
manufactured.

Fibers are High Elongation Carbon (HEC) with a reinforcement weight of 150 g/m?
per ply. The stacking sequence is [0°/ — 45°/90°/45°],, which leads to a planar iso-
tropic laminate that behaves the same in all orientations, see figure [3.2] This classic
"industrial" material /sequence is fixed throughout this work to reduce the parameters
involved in the multi-impact study, it also economizes the material by using only 8
plies.

E,(MPa)
100000 @

80000 P

60000 F

E.(MPa)

-100000 100000

-80000  -60000) -40000 -20000 20000 40000 30000

-60000 P

-80000 P

Membrane Bending

-100000 @

Figure 3.2 — Polar diagram for the used laminate sequence of carbon-epoxy composite.

For the numerical part, the average material properties used are given by Gurit
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(the material manufacturer), the missing material properties were supplemented with
standard values or values taken from the literature ((131)), (132),(133)). We summa-
rize below these properties. The aim of the numerical part is primarily to be able to
understand phenomena that are difficult to monitor experimentally (wave propagation
and interactions, changing impact parameters without repeating time-consuming and
expensive experimental campaigns, etc). At first, this part of the project was just a
supplementary plus, which explains why no full characterization of the material was
carried out, but then the numerical work became more important, given the significant
results obtained. Another current project aims to take this numerical modelling a step
further, with full material characterization underway.

TABLE 3.1. — Material properties.

pyv = 1600 x 1072 tonne/mm® (Volumetric mass density of volumes

pr =10 x 107" tonne/ mm® (Volumetric mass density of interfaces

Ey, = 134000 MPa
B, = 121000 MPa
E, = 8300 MPa

v=20.3

Gy = 5200 MPa
Ey

Gz = 2(1+ v)
ol =40 MPa
7, =90 MPa
og =200 MPa
eor = 0.0185
€ge = —0.0112

G =0.25 N/mm
Gre=1 N/mm
Acomp = 0.05
Gp =60 N/mm
Gre =10 N/mm
RD = 500000 MPa/mm
RF = 1000000 MPa/mm
RB =10000 MPa/mm
Ei + Ejc

Emoy = 2

(Longitudinal Young’s modulus in traction
(Longitudinal Young’s modulus in compression
(Transverse Young’s modulus

(Poisson’s ratio

(Shear modulus in the plane

N~— S N N N e N

(Shear modulus through thickness

(Transverse failure stress in traction

(Shear failure stress

(Crushing stress

(Tensile fiber failure strain

(Compressive fiber failure strain
(Delamination mode I fracture toughness
(Delamination mode II fracture toughness

(Tensile fiber fracture toughness
(Compressive fiber fracture toughness
(Delamination interface stiffness
(Matrix cracking interface stiffness

)
)
)
)
)
)
)
(Compression reinforcement coefficient)
)
)
)
)
(Non-return matrix cracking interface stiffness)

)

(Average longitudinal Young’s modulus
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After curing, each specimen of dimensions 350 x 350 x 1.4 mm? is cut from the

380 x 380 mm? plate with a diamond bore and then measured to verify their thickness.

The plates are checked by an ultrasonic control (C-scan) in immersion after manu-
facturing to avoid possible manufacturing defects. The principle is to transmit a sound
signal into the composite panel and to examine its reflections, transmissions and dif-
fractions. We used the Pulse-Echo method, where the translator acts as transmitter
and receiver, coupled using water. Ultrasonic waves are generated by the transducer
that converts an electrical signal into mechanical vibrations. These vibrations are then
transmitted through the material being inspected. When ultrasonic waves encounter
an interface between two materials with different acoustic impedances (the product
of the material’s density by the velocity of the wave considered in the material), a
portion of the energy is reflected and another portion is transmitted through the in-
terface. This reflection is detected by the transducer, which converts the mechanical
vibrations back into an electrical signal. By analyzing this signal, we can determine
the position, size, and other characteristics of defects or interfaces.

At the interface between two materials, the composite material (1) (with acoustic
impedance Z;) and water/air (2) (with acoustic impedance Z5), a portion of the inci-
dent acoustic energy (FE;) will be transmitted to material 2 (F;), while a portion will
be reflected and remain in material 1 (F,), according to the following equations :

Et + Er - Ei
UYAVA
B = E, - 2122
' (Z1+ Z3)?
N2
E —L,- (%2 — 2,)"
(Z1 + Zy)?

In order to enhance the visibility of echoes, the signals are amplified. The adjus-
table attenuator also allows us to adjust the signal amplitude. In most cases, we have
used a gain of 26 to improve the visibility of the signal return (although this requires
larger thresholds to avoid seeing signal disturbances). The device incorporates filters
to enhance the signals. Composite materials, being highly attenuating, act as low-pass
filters on ultrasonic waves. Therefore, it is necessary to use relatively wideband filters,
especially for lower frequencies. Since the plate is quite large, we have used a support
to prevent plate buckling under the effect of water, thus obtaining better B/B’/b and
b’-scan results.

We used a 25 MHz transducer (NDT Automation [U25X1-1.5) and the UltraPAC
Immersion Systems device, see figure modified from Mistras Group. Knowing that
the smallest detectable defect is equal to % Detecting small defects will therefore re-
quire a reduction of wavelength, and therefore an increase in frequency, to achieve this
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1 2 (b)

Figure 3.3 — Principle of porosity (a) and delamination (b) detection, immersion system (c).

we used a 25 MHz transducer, which can then detect defects down to 0.055 mm, i.e. a
defect of barely 31% the width of the composite ply. The used transducer is concave
(focused) for a greater sensitivity.

The delamination is characterized by the appearance of a clear echo and total or
almost total loss of the bottom echo. On the other hand, porosities are characterized
by a drop in bottom echo and a possible increase in bottom noise (but not systematic).
If placed in the same plane, they can give an intermediate echo, see figure [3.3

For data analysis, we essentially compare experimentally obtained C-scans with
numerically obtained C-scans. Of the two types of measurement (amplitude and time-
of-flight), we rely more on time-of-flight measurements to determine the position of
delaminations and compare them with the numerical model.

3.2.2. Compressed air cannon

A detailed presentation of the compressed-air cannon is given in Chapter 2. In this
section, we only provide brief details of the instrumentation and methods used.

The experimental test bench (appendix consists of five compressed air cannons.
Each cannon is equipped with an automatically controlled triggering system based
on the selected shooting configuration, using a Labview program. The setup is ins-
trumented with four displacement sensors (Keyence LK-H082), working at 100 kHz
each, positioned at the rear of the plate to measure displacement during impacts. It
is also equipped with a high-speed thermal camera (FLIR X6800sc) to capture and
analyze thermal signatures recorded during impacts, enabling the reconstruction of
damage scenarios and their correlation with the structural response of the plate and
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numerical simulations.We can then observe in-situ and post-mortem impact damage
of the studied material.

The velocity of the projectiles exiting the cannons is measured using chronographs
(Acetech Airsoft Gun AC6000 BT), while the velocities before and after impact are
measured using a high-speed camera (MotionBLITZ EoSens-mini2). This allows the
determination of velocity vectors and the energy absorbed during impact. Following
the impacts, the plates are analyzed using immersion ultrasonic testing (C-scan). The
impacts are performed using 20 mm or 10 mm diameter steel balls with a mass res-
pectively of 32.7 g and 4.0 g.

3.3. Mono-impact test configurations

In this chapter, we present a study of a single impact on composite structures.
Our method includes several unconventional approaches compared with those exis-
ting one in the literature. Accordingly, we will present various new investigations and
data analyses to demonstrate the applicability of our test bench and damage monito-
ring method, as well as the extension of the study to more complex cases of multiple
impacts. All these single-impact configurations are part of a multiple-impact parent
configuration, which will be examined in Chapters 4 and 5.

Position | Position J Position K

Figure 3.4 — Mono-impact positions : I, J and K.

The figure illustrates the different mono-impact positions. To link these configu-
rations, we can start studying the effect of the distance from the edges of the panel and
study the effect of the impact angle, and then start building an experimental database
to homogenize the delaminated surfaces as a function of the local bending stiffness.

First, we will study each of these configurations. All the results were based on three

specimens by configuration to confirm the repeatability level. For data analysis, rea-
soning and results that are similar in various configurations are not repeated.
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At the analysis step of results from more complicated configurations (with 3 or
more impacts, with perforation, etc.), we realized how difficult it was to extract the
multi-impact character and the interaction between several impacts from the experi-
mental data, given that we had results including the interferences between impacts,
without detailing each impact on its own. We therefore turned to the DPM numeri-
cal model to better understand the phenomena related to such complicated cases. To
do so, we began by confirming and validating the model in a simple mono-impact case.

3.3.1. Configuration M/220/15J/Ba/K/1

Impact energy =15 J
Dissipated energy = 12,96 J
Delaminated surface = 546 mm?

o Maximum displacement = 3,3/ mm 7
450 Contact time = ms ?

Impacted side 30mm

1.4 mm

o 2.-45/30  3:80/45 445730
45 -

J I 0/-45 ; o
N

5:50/-45

0°
9

40 . ._-i\‘
I —

0 B:-45/07

0.0mm
Non-impacted side %_00

C-scan Yo

Figure 3.5 — C-scan of a mono-impact (configuration M/220/15J/Ba/K/1).

In this configuration, the impact is made by a 20 mm diameter ball at an energy
of 15 J (velocity of 30 m/s). The average dissipated energy per ball is 12.92 J with
a standard deviation of 0.06 J, resulting in an average maximum displacement of the
impactor of 8.79 mm (with a standard deviation of 0.84 mm), figure . The ave-
rage impact time in the three trials is approximately one millisecond (the value of
the contact time is highly dependent on the acquisition frequency of the high-speed
camera, and a question mark is placed on the figure to remind that this value is not
exact. A similar situation applies to the displacement measured with the HSC). These
values are measured by tracking the ball trajectory with a high-speed camera. In this
first case, using the C-scan method, we measure an average delaminated surface area
of 663 mm? with a standard deviation of 32 mm?. We can distinguish the different
interfaces and orientations of the delamination through the thickness.

Clearly, the area under the impactor is in compression, and the delaminated surface
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is due to the separation of the "inferior" ply in the direction of impact. The delamina-
tion direction is then given by the direction of the "inferior" ply. This same principle
is repeated for the different interfaces. The figure shows the first interface between the
0° and -45° plies, followed by the second interface between the -45° and 90° plies, and
so on. Between the two 45° plies, there is no delaminated surface, and we can even
consider these two plies as a single one (as is the case with the numerical model).
Finally, we have 6 well-identified interfaces. On the other hand, the closer we get to
the impacted side, the more the elements are damaged and the more it is difficult for
the sound wave to penetrate the plate, so it is harder to distinguish the delaminated
surfaces under the impactor. In the figure, we doubt about interface 6, as it is possible
that what we are visualizing on this C-scan is just a signal noise from the impacted
surface, as it is difficult to find a larger delaminated surface under the impactor then
interface 1 (as this surface is under compression, it will not tend to delaminate, but we
may instead have matrix cracking and fiber breaks that further impede delamination
propagation). Find more details on the shape and projected surface of a delamination
in the configuration M/220/15J/Ba/J/1.

Next, we present the DPM model (figure[3.6)), the model adjustments (figure[3.8) and
a comparison of numerical and experimental results (figure . Initially developed
for simulating impacts on composite structures, this model enables the observation of
various types of damage, including delamination, matrix cracks, and fiber breaks.

: : 0° ply 90° ply
Matrix cracking Y M
(interface elements)

out-of-plane

[0°]> ply

transverse Jongity e . 5 [90°]» ply 45° ply ; -45° ply

>

Figure 3.6 — DPM priciple and the 4 mesh types of 0°, 90°, 45° and -45° plies ([79).

Delamination

(interface elements) Fibre failure

(volume elements)

AR\

The Discrete Ply Model (DPM) is developed by Bouvet et al. (79). The DPM is
a model designed at the mesoscale level (scale of the ply), see figure . The plies
are divided into strips of volume elements. Cohesive interface elements with zero thi-
ckness are placed between the plies to account for delamination. Additional interface
elements are used between the strips, along the length of the ply, to represent matrix
cracking. The coupling of inter/intra-laminar damage is automatically accounted for
by the model. In addition, coupling is ensured between the intra and inter-ply da-
mages and information exchange between delamination and volume elements for fiber
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breakage, and between matrix cracking and volume elements for matrix cracks. The
DPM considers also the discontinuity caused by shear matrix cracks primarily induced
by three stress components (the mesh of each layer represent the material’s orthotro-
pic properties to facilitate the formation of these cracks), see figure (a). To ensure
proper representation of crack directions (even if inclined directions are not accura-
tely represented to maintain simplicity), the ply is divided into small strips along the
longitudinal direction, with one volume element in width and thickness, figure |3.7|(d).
In our case, the ply thickness (0.175 mm) is small compared to the total laminate
thickness (1.4 mm), this approximation seems to be reasonable, it also justifies the use
of a single finite element in the ply thickness. These strips are then connected using
interface elements of zero thickness. In [3.7|(b) and [3.7)(c), a schematic representation
of delamination scenario is provided. However, this scenario initiates with the deve-
lopment of matrix cracks within the impact zone located below the impactor. These
cracks, oriented transversely (in the (I, t) plane, where [ represents the longitudinal
or fiber direction and ¢ represents the transverse direction), progressively propagate
along the fiber direction during the loading process. Consequently, within each ply,
a strip comprising fibers and resin becomes detached and slides in the normal direc-
tion of that ply (z). This detached strip generates a region of tensile stress between
two successive plies, making it susceptible to inducing delamination within this region.

Transverse cracks Out-of shear cracks In-plane shear cracks ( a)

Impacted Side
i
Ply n°3 (45°)

Ply 002 @)
Piyn°1 (459 [ ] |

Intralaminar Matrix Cracks : nter] inar Tension Str
Creation of Disjointed Strips ne of Tri: r

Plyn2 (0°)

@

‘volumic
e | Matrix Cracks /7 7 ) 2. B3, Ey % /
Planes 7, /

’_/l\& /‘\

Figure 3.7 — Functional principle of the elements : (a) The three types of matrix cracks inner
the ply, (b) formation mechanism of delaminations, (c) interface tension stress
zones, (d) model of the ply (79).

The aim of the DPM is to simulate different failure modes of composites as sche-
matized in figure by a complex 3D mesh following the orientation of each ply. The
damage is modelled as follows :

— Fiber failure is taken into consideration as a continuum damage inside the volume
and is calculated via the sum on the 8 integration points of the element with a
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bilinear material law (equation which considers the crack surface energy.

/) (/0 oldel> AV =S Gy, (3.1)

With V' and S being the element volume and section, G represents the critical
strain energy release rate in the opening mode into the fiber direction for the
tensile case, and Gy, for the compressive case. Moreover, o; and ¢; denote the
longitudinal stress and strain, respectively, while €; represents the strain at the
total degradation of fiber stiffness.

When the strain threshold is achieved on one of the 8 integration points (and
taking into account the longitudinal strain extrapolation according to the out-of-
plane direction) in tensile or compressive fiber failure, respectively €y, and €., a
damage variable is used to apply a linear decrease in the calculation of the stress.
Stresses are determined from the damaged orthotropic elastic stiffness matrix.
Moreover, in compression, we take into consideration a plastic behavior and a
crushing stress oy (129).

— Delamination is taken into account by using interface elements between consecu-
tive plies (figure 3.6). Damage in delamination interface elements is managed by
energy dissipation of fracture mechanisms. The delamination criterion is a linear
coupling of three modes : the opening mode I and the transversal shear modes II
and III. Mode IT and III are not distinguished here. The criterion uses a linear
law of mixed-mode delamination propagation with energy release in each mode
(equation . Acomp 18 the compression reinforcement coefficient which enables
to take into account the positive effect of the out-of-plane compressive stress on
the shear fracture toughness. o,- is the negative value of the stress according to

z-direction.
Gt n G + G
GIC GIIC (1 - Acompaz_)

(3.2)

— Matrix cracking is considered with interface elements between two juxtaposed vo-
lume elements, as illustrated in figure [3.6] The damage in matrix cracking inter-
face elements is managed by Hashin’s failure criterion, calculated in neighboring
volume elements (equation [3.3).

+\ 2 2 92
+ i
(Otf) T e i S 1 (3:3)
oj (T3 - (1 — Acomp0t ))

Where (I,t, z) are respectively for the longitudinal, transverse, and out-of-plane
directions, and o] and TZJZ represent the transverse and the shear failure stresses,
respectively. o; is oy if positive and 0 otherwise and o is the negative value of oy.
Acomp €nables to take into account the positive effect of the transverse compressive
stress on the shear failure.

The execution of explicit calculation code of Abaqus involves a mesh generator coded
in Fortran used to create the set of nodes and elements for the simulation. Then, the
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mesh is inserted into an input file for Abaqus (input file), which contains material
data, boundary conditions, and the definition of different calculation steps. Finally,
a user-defined material law in Abaqus (VUMAT) is coded in Fortran to incorporate
behavior laws for each damage phenomenon. The calculation is then launched from the
CALMIP platform (www.calmip.univ-toulouse.fr), which provides excellent computing
resources, 180 cores on 5 nodes were used to perform these calculations. For example,
a case with a duration of 2 ms (configuration Si/220/30J/T/N/4) is calculated over
30 h on 5 nodes and comprises around 5 million elements and 20 million degrees of
freedom.

To ensure that information is exchanged between neighboring elements, these ele-
ments must be in the same CPU. By using 5 nodes in our case, we have certainly saved
computing time, but elements that do not belong to the same CPU do not commu-
nicate. On the other hand, the 8 Gauss points of the same element are necessarily in
the same CPU, as Abaqus doesn’t split an element into two.

One of the main adjustments made to the DPM during this work was the removal
of the delamination and matrix cracking elements (when damaged) to better simulate
plate perforation; these elements are removed and the model managed the general
contact (option all exterior of Abaqus (I30)). However, this causes problems in the
z-direction, as the elements are small, when delamination is removed, the model has
to manage contact on very small parts, and this abrupt removal poses a problem when
there are too many distorted elements (at 30 J, for example), For this reason, we do
not remove elements in these configurations, as otherwise excessive distortions may
occur. For these same configurations, where the elements are too distorted, we reduce
the direct user control from 107% s to 0.5 x 107® s or even less, if necessary. The
critical time step At is calculated using formula [3.5 It is shown that the time step
must satisfy the condition [3.4] (32).

2
At < Atc where Atc = I (34)
w C
This implies that the time step is limited by a critical time step, which is related
to the highest natural frequency of the discretized structure, w’e. It is shown that
this frequency is bounded by the natural frequency of the most critical element in the
mesh, which depends on the characteristic size of that element denoted as L., and the

wave velocity in that element denoted as ¢ (approximately equal to \/§, where FE is

the elastic modulus and p is the density).
Thus, we have :
L,

At <n-— (3.5)
c
where 7 is a safety coefficient for stability.
When two elements are stacked one on top of the other, they are normally held
together by a delamination element (which is completely damaged in the central zone,

under the impactor). If these elements are not removed, the contact between two
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consecutive plies will be managed by the compression in the delamination element.
However, if the delamination element is removed, the contact will no longer be governed
by delamination but by the general contact. Therefore, the choice between the two
options leads to a shift from one phenomenon to another, which is expected to be
nearly similar (although friction is not taken into account by delamination but by
general contact) in simple cases like this configuration (figure but will significantly
alter the behavior in more complex configurations (such as perforation at 30 J or with
a 10 mm ball at 15 J but at a velocity of 87 m/s, involving multiple simultaneous
impacts, etc.).

g
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Figure 3.8 — Traction-separation law defined for single loading.

The significant difference between these two solutions is that the contact forces are
no longer localized in the same location and that friction is not taken into account by
delamination but by general contact. In the case of a delamination element, it only
transmits forces where there are nodes, but it is not the case for general contact;
delamination transmits one force between two nodes, whereas general contact trans-
mits one force between a node and a surface (more precisely, on all four nodes of the
surface).

It is obvious that after deleting these elements we have to manage the contact bet-
ween the plate and the various elements, which is expensive in terms of computation.
We note that the error between the total delaminated area predicted numerically and
that obtained experimentally is reduced from 19% to almost 6% when removing ele-
ments, figure (3.9,

Dealing with the fiber failure, as soon as damage initiation takes place, we immedia-
tely set the shear damage variables (dgs,,, deis,., and dg;s,,) to 0.95 (no further damage
is applied to avoid excessive distortion), see figure . We consider this approach to
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be more physically accurate, since an element loses its shear stiffness as soon as it
starts to break. In contrast, the current laws gradually reduce stress in the [-direction
by multiplying it by (1 —d) to dissipate energy. Fiber damage is controlled on average
over the 8 Gauss points, our solution localizes the damage and provides a much more
realistic representation of real-life scenarios.
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Figure 3.9 — Comparison of experimental (a) and numerical result (b,c) : (a) C-scan, (b)
with interface suppression and (c¢) without interface suppression (configuration

M/220/15] /Ba/K/1).

From a numerical perspective, the energy dissipated by the ball is 12.02 J, with a
maximum displacement of the impactor of 9.23 mm and an impact time of 0.95 ms. The
projected delaminated surface area is 687 mm?. The average error in the delaminated
surface area is almost 6% (figure and figure ‘ We also observe a compression
zone between the last ply and the penultimate ply beneath the impactor, as well as a
tension zone between these plies away from the impactor (figure . This explains
why the most delaminated surface area is between the last and penultimate ply. We
find the same interfaces and orientations of delamination within the thickness as those
obtained experimentally (figure . It is logical that the delaminated surface in figure
[3-9(b) is smaller than [3.9|(a), because as friction is added, it limits shearing forces and
thus reduces damage.

Subsequently, this numerical model helped us to refine our method of determining

impact times (reprocessing the videos from the high-speed camera for greater accu-
racy). The model also showed us that we should have placed the displacement sensors
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Figure 3.10 — Multi-cut view, creation of delamination (DPM).

exactly behind the point of impact, to track the displacement of each impactor (as this
is the only way to know the impact of the plate displacement in the impact zone, in
the case of multiple impacts, see configuration Si/220/15J/Ba/N/5 for more details),
especially as the interaction between several impacts far from the point of impact is
increasingly complicated. Measurements far from the points of impact are difficult to
interpret, since they result from several impactors and not one in particular. Then,
measurements of impact times and maximum plate displacement or applied forces will
certainly be wrong far from the point of impact, as the wave is delayed in arriving at a
distant point. The model also helps to accurately track damage formation ; figure |3.11
shows the formation of delamination as a function of time, we explain this mechanism
in more detail in the configuration M/220/15J/Ba/J/1.

To gain a comprehensive experimental understanding of damage formation mecha-
nisms, it is crucial to employ an in-situ monitoring method. Traditional approaches,
such as post-mortem analysis using C-scans, only provide a retrospective perspective
on the damage. In order to overcome this limitation, the implementation of an in-situ
monitoring technique becomes imperative. By utilizing real-time observation and data
acquisition during the damage process, we can capture the dynamic evolution and
intricate details of the damage mechanisms as they unfold. This enables us to gather
valuable insights that would otherwise be missed with post-mortem analysis alone.
In-situ monitoring offers a more holistic and accurate assessment of the damage for-
mation, facilitating a deeper understanding of the underlying mechanisms and leading
to more effective mitigation strategies.
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Figure 3.11 — Formation and propagation of delamination (DPM), M/220/15J/Ba/K/1.
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The in-situ damage mechanisms of impacts were not being monitored, and the ex-
perimental perspective was limited to post-mortem analysis only. To overcome this
problem, high-speed infrared camera monitoring was introduced, and used the SVD
(Singular Value Decomposition) method to process these results. SVD is a powerful
mathematical technique used for matrix factorization. It decomposes a given matrix
into three separate matrices : U, ¥, and V. The matrix U represents the left singular
vectors, X is a diagonal matrix containing the singular values, and V' represents the
right singular vectors. It is particularly useful in dimensionality reduction, as it allows
to identify the most significant patterns and features within a dataset. Defects can be
detected by analyzing the singular values, which represent the relative importance of
each mode of variation (a specific direction in which data may vary, represented by
the eigenvectors (singular vectors) of the data matrix). Large singular values indicate
significant variations, while small singular values correspond to regions of low varia-
tion. By thresholding the singular values, we can identify and locate areas in the film
that deviate from the expected patterns, thus enabling effective defect detection and
characterization.

In order to process the infrared thermography film, which consists of a sequence of
n images of real temperature values of size [ x L = m pixels, we transform each image
into a vector by concatenating its columns. By doing the same for each of the n images,
we construct the matrix A of dimensions m x n, where the i** column contains the
information of the i image of the film.

We used a MatLab program to perform the following key steps :

— Load the first image and its corresponding time from the thermal film.

— Allow the user to choose a region of interest on the image.

— Create a database containing the selected images and their corresponding times.
— Perform Principal Component Analysis (PCA) on the images.

— Normalize the images and perform Singular Value Decomposition (SVD).

— Rearrange the columns of the principal components to obtain images.

— Calculate the weights of the principal components.

— Perform Independent Component Analysis (ICA) on the images.

— Display the resulting images obtained from ICA.

Then we need to analyze the images obtained to be able to highlight the physical
character in a few ones. The figure shows the result of this analysis on the film, we
directly recognize the projected delaminated surface. Later, we also recognize vertical
fiber breakage at 90° and matrix cracking at -45° (it is important to constantly point
out that the camera is positioned behind the plate, non impacted face, and then a
symmetry of the image versus the 0° direction is obtained, as in figure 3.12)). Figure
shows a perfect correlation between the C-scan and the SVD method, the main
advantage of the SVD lies in the fact that the result is instantaneous and does not
require the plate to be dismantled and placed in water to perform the C-scan. In the
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Figure 3.12 — Comparison of delaminated surface after impact obtained experimentally, by
SVD analysis and numerically, M/220/15J /Ba/K/1.

future, we will be looking at the benefits of using thermal monitoring in general to
track impact damage in-situ. We can then, in equivalent configurations in terms of the
energy involved, show only the images from the thermal films to illustrate the size of
the delaminated surfaces.

By analyzing the images taken directly from the thermal film, the damage within
the material can be identified. Matrix cracking and delamination occur first, followed
by fiber breakage at the center of the impact and at 90°. To make sure we are dealing
with fiber fracture and not just matrix cracking, we have carried out microscopic
observation, see figure [3.14] In this way, we were able to recognize the breakage of
fibers at -45° (in the 90° ply) and 0° (in the -45° ply), which were emerging at the
surface. Looking back to the figure the thermo-signature is used to confirm that
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Figure 3.13 — Thermographic monitoring of impact damage.

the break at 90° is indeed a fiber break in the volume of the material. From this same
figure, we have a first estimate of the diffusion time through one ply, since the fiber
breakage crosses three plies in about 16 ms, the diffusion time per ply would then be
of the order of a value strictly less than 5.3 ms (since fiber breakage has obviously
not occurred at t = Oms). It should be noted that this fiber break is not on the outer
surface (the surface observed by the thermal camera), but rather in the volume of
the plate, which explains the reduction of the thermal signature of the fiber breakage.
Finally, on the figure [3.14] we have a 0° fiber breakage in the -45° ply, then a -45° fiber
breakage in the 90° ply and finally a 90° fiber breakage in the 45° ply; following the
same reasoning, we expect a fiber break at -45° in the 0° ply, which we can’t see with
the thermal camera as the heat dissipation doesn’t go through the whole thickness
of the material, nevertheless this result is confirmed with the help of the microscopic
observation shown in figure m (see the times corresponding to this observation in
figure [3.13).

Matrix cracking in the last ply is also easily recognized between thermal images
and microscopic observation. It should be noted that, during the measurements, an
emmisivity of 0.92 was considered in line with the values of literature ((140), (141,
(142))). Note that the camera is slightly non-perpendicular to the composite panel.
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We were able to record experiments with up to 2000 Hz, depending on the recording
window needed. Finally, we can also deduce the temperature evolution corresponding
to each damage type. These measurements are specific to the tests in this work, and
the thermal signatures obviously depend on the breaking energies involved and their
position in relation to thickness, etc. In particular, because heat conduction is greater
in the [-direction (the direction of the fibers, which are more conductive than other
elements). :

— AT® Fiber breakage [8°C - 31.6°C|
— AT® Matrix cracking (= 5°C)
— AT® Delamination (= 3°C)

Figure 3.14 — Cross-analysis between thermography and microscopic observation.

Another way of processing the data from the high speed camera was to calculate the
temperature field gradient using a Sobel filter via a Python program, see figure[3.15] It
is important to note that, a Laplacian filter can also be used. From this figure, we can
see that matrix cracking comes first (event 1), followed by delamination and finally
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fiber breakage (subsequent events). We confirm this conclusion more clearly using the
numerical model in the configuration M/220/15J/Ba/J/1. Indeed, the numerical mo-
del shows that cracking and delamination occur before the fibers break.

Event 2 Event 3

A
!

Event 4 Event 9 Event B

Figure 3.15 — Filtred thermal film images.

It should be noted that we do not record all the events in all the volume of the
material. The figure shows fiber breaks on the impacted side, which we cannot record
if the camera is on the non-impacted side, see figure [3.16] There must be a part of
the thermal energy arriving on the non-impacted side, but it is small because fibre
conduction is greater than the other elements, so conduction dissipation is greater in
the [-direction.

We also took advantage of these thermographic films to evaluate (a preliminary
evaluation only to validate the orders of magnitude) the critical strain energy release
rate corresponding to matrix cracking; figure shows the choice of the characte-
ristic length (L.) used to perform the calculation. Also, we avoid the central matrix
cracking, which opens up too much and can distort the calculation, as we do not just
see the crack on the last ply, but also the ply above it. We also avoid making these
same considerations for fiber fracture for two reasons :

1. If we consider fractures at the center of the impact, there are multiple cracks
occurring at the same location, and the calculated rate will not correspond to a
single fracture.

2. If we consider fractures at a 90° angle, we are not directly measuring the actual
temperatures because this crack occurred within the volume of the material. The
observed crack is not on the ply of surface.
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Profile: Lc

Profile: T° Variation

G

Figure 3.17 — Calculation of critical strain energy release rate.
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Here is the calculation method for matrix cracking, where the area under the curve
is evaluated, and 1D ply is assumed, then the energy dissipated in heat per unit area,
G (with Taylor-Quinney coefficient f3;,;, which expresses the efficiency of the thermo-
mechanical conversion, defined by Rittel (143)) as the ratio of the thermal dissipation
to mechanical work involved in the deformation process, generally assumed to be equal
to 0.9), is directly calculated. This is a first approximation, that does not depend on
time, despite a diffusion effect with thermal conduction, but the area under the curve
remains the same (137) :

P Cp . ch AT dL
6int
where AT is the temperature variation, L. is the characteristic length, p is the

density of the material, and C, is the specific heat capacity value taken from Emeryet
et al. (I34)). The values taken into account are summarized in the table [3.2]

:>GC:

=0.37 kJ/m? (3.7)

Variable Value
Density (p) 1600 kg m—3
Specific heat capacity (C,) | 882 Jkg ' K~

TABLE 3.2. — Variable values for G, estimation.

This value corresponds to known orders of magnitude, the aim here is just to have
an order of magnitude to validate that this is indeed matrix cracking. For the studied
material, the fracture toughness of delamination was estimated to about 0.25 and 1
kJ/m? in mode I and II respectively, see table 3.1 But this is just an estimate and
cannot be generalized so easily.

Looking back to the numerical model, we note that the load-displacement curve ob-
tained numerically and experimentally are very similar, see figure and figure [3.19
It should be remembered that the experimental curve is obtained by deriving twice
the ball displacement curve obtained with the high-speed camera, so all brutal events
(especially dynamic phenomena due to the back-and-forth movement of elastic waves,
particularly those at very high frequencies, along the thickness of the plate) are not
captured. The numerical model then gives more detail about the ball-plate contact,
with the various force-drop events corresponding to different damages. We can then
explore the other curves obtained numerically to understand energy dissipation. The
area hatched in yellow in figure is the initial kinetic energy of impact. When the
ball starts to rebound, its velocity passed through zero at the point of maximum dis-
placement. From that moment on, the ball rebounds (one part of the energy returned
to the ball), this one is hatched in green on the figure. The difference between the
two (i.e. the area of the load-displacement curve) is mainly the energy dissipated by
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Figure 3.18 — Experimental vs. Numerical Load-Displacement curve.

plate damage, friction and viscous phenomena, plus kinetic and strain energy present
in the plate at the end of the contact (blue hatching on the figure), as also shown in
figure [3.31], and not only the energy dissipated in the plate. We verify that the sum
of bounce energy and "dissipated energy" (between double quotes because strain and
kinetic energy also exists and are not technically dissipated) is equal to the ball’s ki-
netic energy. At the end of the impact, we observe that in this configuration less than
a tenth of the kinetic energy is recovered in the ball’s return.

Load-Time curve

25 A

Rebound

——DPM =—HSC ++2e« Mean (DPM)
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Figure 3.19 — Experimental vs. Numerical Load-Time curve.
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From figure [3.20, we observe that most of the energy transferred to the plate is
strain and kinetic energy (between 60 and 90% in this case, 80% on average) and the
other small part consists of damage and frictional energy. The kinetic energy of the ball
rebound corresponds to about 20% of the initial impact energy, which seems a little
bit higher than the experiment. Finally we check that the energy balance is correct by
ensuring that the sum of energies remains constant.
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Figure 3.20 — Variation of different forms of energy during impact (DPM).

Finally, for this configuration, in order to measure the velocity of wave propagation
in the plate, a series of tests was conducted before and after impact, using Piezoelectric
Ceramic Copper Buzzer, protected with polyimide film tape (Kapton), to mesure the
maximum velocity in different directions of the wave in the structure, see figure |4.3|
During these tests, we noticed that the wave transferring in the plate before and after
the impact showed a delay of the time of flight for the response signals (after impact
signal is delayed), and there is an attenuation on the amplitude of the signals. For
the FF'T analyses, before the impact, the peak of amplitude appears at 8172 Hz with
amplitude of 0.049 mV. After the impact, the peak of amplitude appears at 8372
Hz with amplitude of 0.047 mV, figure |3.21] From the limited results of few simple
tests, it proves that the lamb wave is quite sensitive to the impact.This direction is
an interesting perspective for this work, for the smart composite structures, if there is
a transducers network inside, it will be possible to detect the location of the impact
damage.

103



Multi-impact behavior of composite structures : experimental and numerical approach

—initial

impact

Amplitude of FFT
N
wn
JPE—

0.5 /
\ 4/
. — /\\, b e | s —

0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
Frequency (Hertz) <10%

Figure 3.21 — FFT analysis of piezoelectric sensor signals before and after impact.

The aim of what has been shown in this configuration is to demonstrate the cohe-
rence between the different methods used and the robustness of the numerical model.
In the following, we will not show the complete list of results obtained by the different
methods in all configurations, but rather we will show the most important data per
configuration that will contribute to the study of our main topic.

3.3.2. Configuration M/220/15J/Ba/J/1

In the configuration M/220/15J/Ba/J/1, the average dissipated energy per ball is
12.66 J with a standard deviation of 0.95 J, resulting in an average maximum dis-
placement of the impactor of 7.52 mm (with a standard deviation of 0.73 mm). We
measure an average delaminated surface area of 731 mm? with a standard deviation
of 45 mm? (figure [3.22). We can distinguish the different interfaces and orientations of
the delamination within the thickness. Interface 6 is not reached because of the large
amount of damage under the impactor, the sound wave struggles to penetrate these
areas, signal return is negligible.

From a numerical perspective, the energy dissipated by the ball is 10.56 J, with a
maximum displacement of the impactor of 7.54 mm and an impact time of 0.9 ms. The
projected delaminated surface area is 385 mm?, figure [3.23] the fibers break too pre-
maturely, slowing the propagation of delamination. We suspect that this is due to the
non-inclusion of dynamic effects (strain rate for example) and the thickness extrapola-
tion of the fiber strain failure criterion. In our one case, we take classical extrapolation
coefficients of 1.366 and 0.366 (corresponding to Gauss points set at a distance of %),

which means that for opposite values of strain (i.e. for a pure bending deformation),
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Figure 3.22 — C-scan of configuration M/220/15J/Ba/J/1 mono-impact.

the extrapolated value would be 1.732 times greater. For example, we would expect
fiber failure in a case of pure bending 1.73 times earlier in the extrapolated case than
in the case without extrapolation. A more detailed study of how to extrapolate needs
to be carried out.

Using the numerical model, we attempt to explain the shape of the delaminations
per interface (the orientation is explained in configuration M/220/15J/Ba/K/1) :

Delamination occurs as a result of matrix cracking in a ply closer to the impact (ply 2
from the non-impacted side, figure [3.24]). The ply on the non-impacted side (1 in figure
then continues to propagate the delamination as it is under tension. Naturally,
the direction of delamination propagation is given by the lower ply, since it is this ply
that propagates delamination. At this level, we can expect delamination to take the
form of a parallelogram (shown here in red [3.25h). In fact, it is the creation of matrix
cracking in one ply that leads to delamination in the lower ply (relative to the direction
of impact). This order (matrix cracking followed by delamination, is perfectly in line
with the thermal camera results presented in configuration M/220/15J/Ba/K/1).

In the direction perpendicular to the fibers of ply 1 at 0°, it is not this same ply that
controls the direction of delamination, as matrix cracking in this same ply will stop
it. On the other hand, it is the ply closest to the impacted face (ply 2 at -45° in this
case, figure which controls delamination as a result of the tensile stress applied
to it in its fiber direction, and which will also control the direction of delamination in
respect of the other interface closest to the impacted face, and so on. It is an iterative
process between plies. Although it will not always be the last ply, in the case of a
very high ply number for example, it is rather the first matrix crack farthest from the
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Figure 3.23 — DPM C-scan of configuration M/220/15J/Ba/J/1 mono-impact.

Figure 3.24 — Role of matrix cracking in delamination initiation.

impactor that will take place and trigger the process (or maximum out-of-plane shear
at mid-thickness). We have already explained why the interface between the last and
penultimate ply is the longest. Consequently, since the 0° ply is going to delaminate,
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the direction of the overall delamination shape is given by the direction of the fibers in
the ply below the most delaminated interface. Figure 3.7b&c show that matrix cracks,
occurring in the ([, t) plane, propagate along the fiber direction during loading. As a
result, within each layer, a strip consisting of fibers and resin becomes disjointed and
slides in the z-direction (normal direction of the layer). This disjointed strip creates an
interlaminar zone of tension stress between two consecutive plies, making it susceptible
to delamination in that area. Figure [3.7|(c) presents a schematic representation of this
scenario using a stacking sequence of [-45°, 0° 45°], where -45° denotes the lower
layer and 45° represents the upper layer, the disjointed strips of the first two layers are
depicted, illustrating the interlaminar zone of tension stress. This zone, bounded by the
disjointed strips of the adjacent layers, exhibits a triangular shape with increasing size
from the impacted side to the non-impacted side. Figure (b) shows the interlaminar
zones of tensile stress between the -45°/0° and 0°/45° layers.

Ply I at 0°

"X

Figure 3.25 — Interface delamination shape formation mechanism.

3.3.3. Configuration M/220/15J/Ba/l/1

In this configuration, the average dissipated energy per ball is 12.58 J with a standard
deviation of 0.54 J, resulting in an average maximum displacement of the impactor
of 9.76 mm (with a standard deviation of 0.14 mm). We measure an average delami-
nated surface area of 724 mm? with a standard deviation of 9 mm? (figure [3.26]). We
can distinguish the different interfaces and orientations of the delamination within the
thickness. Interface 6 is not reached because of the large amount of damage under the
impactor, the sound wave struggles to penetrate these areas, signal return is negligible.
From these first three configurations, we can see that the closer the impact is to the
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Figure 3.26 — C-scan of configuration M/220/15J/Ba/I/1 mono-impact.

center of the plate, the smaller is the delaminated area. This is due to the fact that
the plate is large and flexible enough to store energy in elastic form, which is not the
case when the impact is close to the edges, where more energy is dissipated in the plate.

Impacted side 30mm Impact energy =15 J
¢ » Dissipated energy = 1149 J

. Delaminated surface = 438 mm?
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Figure 3.27 — DPM C-scan of configuration M/220/15J/Ba/I/1 mono-impact.

From a numerical perspective, figure [3.27], the energy dissipated by the ball is 11.49
J, with a maximum displacement of the impactor of 7.59 mm and an impact time
of 0.9 ms. The projected delaminated surface area is 438 mm?2. As for configuration
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M/220/15J/Ba/J/1 (the impact point is slightly displaced), the plate is therefore more
flexible than reality, and the fibers break too prematurely, slowing the propagation of
delamination.

In figure |3.28 we observe all the fiber breakages under the impactor. Fiber breaks
in the penultimate ply prevent delamination propagation, as explained above. A fiber
break in the last ply could have considerably reduced the delaminated area.

YTQ X
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Figure 3.28 — Fiber breakage (DPM) : (a) at 0.2 ms, (b) at 1 ms, configuration
M/220/15J /Ba/I/1.
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In figure [3.29] we can see all the matrix cracking around the impact. We note that
this matrix cracking is perpendicular to the fiber direction of the last ply, and is pro-
bably what stops the delamination propagating in this direction. We also note that
these matrix cracks is discontinuous, due to the abrupt criterion of matrix cracking,
which releases stresses in the neighboring element as it breaks the interface (it is not
a physical phenomenon) ; as a sudden break occurs, there are areas where the Hashin
criterion is close to 1 in volume elements far from the delaminated zone, it is so close
to 1 that when an element breaks suddenly, the criterion is relaxed a little in the
neighbouring element, which then does not break. However, towards the center of the
impact, where the CZMs are all damaged, no issues are observed.

Figure 3.29 — Matrix cracking (DPM) of configuration M/220/15J/Ba/I/1 mono-impact.

For a further explanation of delamination formation, figure [3.30] shows the shape of
delaminations per interface. The first 2 interfaces to the impacted side (interfaces 5
and 6) show little delamination as they are in compression. These little delaminations
are mainly a consequence of the fiber breakage under the impactor.

The figure shows the breakdown of energies and in particular the distribution
of dissipated energies between the various phenomena. On the other hand, the energy
dissipated through damages is just as important in fiber rupture as in delamination.
Even if matrix cracking does not dissipate much energy, it is important to recall that
it initiates and drives many of the phenomena explained above.

Finally, we varied the impact angle on the numerical model between 0 and 7°, as

was done experimentally. The results show that the difference is small and may be
neglected.
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Figure 3.31 — Energy distribution within the composite material (DPM).
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3.3.4. Configuration M/220/30J/Ba/K/1

Impacted side Impact energy = 30 J

Dissipated energy =30 J7
Delaminated surface = 4263 mm?
Maximum displacement = 16,27 mm ?

450 Contact time = 1,6 ms ?

30mm
1.4 mm ¢ .
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I:0/-45 N\l

77
| 4 Detection threshold (23%) not reached
5-90/-45

e Complete signal loss ?
45°

0.0mm
Non-impacted side éot*

C-scan 5o
Figure 3.32 — C-scan of configuration M/220/30J/Ba/K/1 mono-impact.

The 20 mm diameter projectiles are launched with a kinetic energy of impact of
30 J (velocity of 43 m/s). The plates have been perforated, so it is difficult to judge
the amount dissipated in the plate experimentally. The impact time is 1.6 ms (com-
pared with 1 ms for the 15 J configurations). However, the plate is not completely
perforated : the hole created by the projectile during impact is closed once the ball
has pierced the plate, as shown in figure [3.35] We measure an average delaminated
surface area of 4222 mm? with a standard deviation of 48.54 mm? (figure [3.32). We
can distinguish the different interfaces and orientations of the delamination within the
thickness. All delaminated surfaces are larger compared to the 15 J configurations,
but especially interface 1, which reaches the edges of the plate. It is important to note
that the loss of signal return is related to the chosen synchronization threshold (12%).
But for the same C-scan parameters used in the 15 J configurations, here we notice a
total loss of signal due to the breakage of these surfaces, which become too inclined,
and the signal return is subsequently very weak. It should be borne in mind that the
plate is perforated rapidly during impact and then resealed afterwards, thanks to the
plies that do not come detached because of matrix cracking which occurs earlier than
fiber breakages. We explain this point of view in more detail later in this configuration.

From a numerical perspective, figure [3.33] the energy dissipated by the ball is 30
J, which means that the ball is completely stopped by the plate, so the model only
predicts a quasi-perforation of the plate, unlike the experiments. The maximum dis-
placement of the impactor is 18.7 mm and an impact time of 1.9 ms. The projected
delaminated surface area is 1384 mm?, figure [3.35] Compared to the experiments,
the main difference is that interface 1 does not delaminate as in real-life conditions.
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Figure 3.33 — DPM C-scan of configuration M/220/30J/Ba/K/1 mono-impact.

It appears that the fibers are broken precociously and thus stop the delamination
propagation. Once again, precise mechanical characterization is required to examine
this problem in detail. We also remind you that to make this numerical calculation
converges, the broken delamination elements are removed from the model as explained
in figure this abrupt removal of the elements concentrates the stress applied to
the fibers and also contributes to their premature destruction. Figure [3.34] shows the
difference between the driving damage : in numerical modelling (a&c), it is mainly
fibre breakage, whereas in (b), it is mainly matrix cracking of the last ply that directly
generates the important delaminated surface of interface 1.

Impacted face Non-impacted face

Figure 3.34 — (a,c) Driving damage mechanisms : DPM, (b) experiments.
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By analyzing the thermal film images (figure , we once again confirm that ma-
trix cracking comes first. But more importantly, this figure shows the important role
of cracking in driving impact damage scenarios in composite materials. Indeed, the
matrix cracking we see at t = 1.905 ms directly causes the delamination of interface
1, and it is this same matrix cracking that seals the plate after perforation by the
ball, making it dangerous from an industrial point of view. In fact, if we only check
the plate with a post-mortem inspection process (visually, with a C-scan or other),
we will not realize that the plate is completely perforated in its center. On the other
hand, with in-situ thermal analysis, we can clearly see that, in terms of mechanical
characteristics, the plate is completely perforated at its center, see figure at (t =
1.905 ms). Interestingly, the delamination process at interface 1 is different from the
conventional one (with matrix cracking in the lower ply) : here, it comes directly from
contact with the ball that detaches the last ply. The matrix crack at 0° to the cen-
ter of the impact splits the latter ply in two, allowing the ball to close the surface again.

t=1588.12 ms t= 441812 ms t = 1856812 ms

F (kN) Load-Time curve

2.94)

0

>
>

0.49 1.905 3.32 17.47 t (ms)

Figure 3.35 — Thermal film images from behind the plate and a schematic of the load-time
curve.

114



Multi-impact behavior of composite structures : experimental and numerical approach

3.3.5. Configuration M/210/15J/Ba/K/1

The 10 mm diameter projectiles are launched with a kinetic energy at the moment
of impact of 15 J at a velocity of 87 m/s. The plates have been perforated. The impact
time is 0.6 ms (compared with 1 ms for the 15 J-(20 mm configurations). The plate
is rapidly perforated, the energy supplied is concentrated locally, given the small size
of the ball, and leads to rapid fiber breakage, given the ball’s velocity, so the impact
contact is also reduced to 0.6 ms. We measure an average delaminated surface area of
1424 mm? with a standard deviation of 26.48 mm? (figure [3.36).

Impacted side Impact energy =15 J

30mm
15& mm Dissipated energy =15 J 7
[ | 450 Delaminated surface = 1442 mm?
g 0 Maximum displacement = 10 mm ?
45 < ,0° Contact time = 06 ms?
5
e 50 2.-45/30  3:90/45

4:45/30

450
I 0/-45
. C-scan . '\

0°

7 -
| - A4 Detection threshold (23%) not reached
0:90/-45

0° Complete signal loss 7

0.0mm Impact energy =15 J
Non-impacted side Dissipated energy = 12,57 J
OPM Delaminated surface = 437 mm?
Maximum displacement = 11,63 mm
Contact time = 0.5 ms 7
Figure 3.36 — C-scan of delaminated surface : DPM vs. Experiments (configuration
M/210/15J/Ba/K/1).

Compared with configuration M/220/30J/Ba/K/1, we find most of the phenomena
observed in the configuration M/210/15J/Ba/N/1, in these two configurations, there
was no complete perforation in the model, whereas there was in the experimental
tests. To improve the model, further work is needed on the energy dissipated by fiber
breakage, which is obviously becoming an important factor in simulating perforation.
However, we notice a brutal drop in force, which must correspond to a large fiber
break, figure m(a). After that, the phenomena are similar, but occur rapidly and
without large displacement for the 20 mm ball, figure[3.37] This sudden fiber break also
prevents delamination propagation in the numerical model. Meanwhile, experimentally,
it is always matrix cracking in the last ply that drives the damage.
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Force-displacement curve (DPM) Force-displacement curve (DPM)
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Figure 3.37 — Load-Displacement curves : (a) configuration M/210/15J/Ba/K/1, (b) configu-
ration M/220/30J/Ba/K/1.

Conclusion

To conclude this chapter, we demonstrated that the different techniques used to
study the impact on composite structures are coherent. C-scans and the SVD method
provide a post-mortem perspective on delamination. Infrared thermal camera analysis
and numerical modelling, enable us to understand the phenomena during the impact
time. Overall, the different methods are complementary and reliable for in-situ and
post-mortem monitoring of impacts on composite structures. We can then consider
using these different methods to study the multi-impacts behavior of laminated com-
posite structures.

By combining the experimental and numerical findings, we have gained a comprehen-
sive understanding of the mono-impact behavior of composite structures. The results
highlight the influence of various factors, including the impact location, projectiles’
diameter, impact energy and velocity, on the response of composites under mono-
impact conditions. This knowledge is enriched by an understanding of the phenomena
of initiation and propagation of different types of damage on composite material struc-
tures. The next step is to check whether these phenomena are the same in the case of
multiple impacts, and whether the impact parameters play the same role in this case.
Chapter 3
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4. Multi-impacts : Sequential vs. Simultaneous

Introduction

As real-world scenarios often involve situations where structures experience multi-
impact loading, this study will provide crucial insights into the response and perfor-
mance of laminated composite materials, aiding in the design of resilient and damage-
tolerant structures. This chapter begins by presenting the different terminologies used
to distinguish the different impact and single-impact configurations. These different
configurations are then studied and cross-referenced to identify the most critical and
interesting configurations to be examined in greater detail afterwards. We then carried
out a number of simultaneous and sequential impact tests, in order to highlight the
difference between the two cases and the phenomena at play in each of them, in order
to be able to distinguish the more critical and richer configuration to be examined in
detail. On the numerical level, a new method of modeling sequential impact cases wi-
thout incurring high computational costs is proposed. Finally, this chapter illustrates
the importance of the notion of time in multiple impact configurations and how this
can affect the impact behavior of composite structures.

4.1. Definitions

There are several types of impact depending on the time between impacts and their
repetition, see figure [4.1] :

— Mono impact : a single impact during the life of a part in an impact zone (damage
zone due to a given impact) without interactions with others. In practice, the load
curves are used to find the beginning and end of the projectile/plate contact,
but we will rather use the displacement curves to differentiate between different
impact configurations to keep in mind that after an impact the plate still vibrates,
which changes the behavior of the plate to the next impact.

— Multi-impact : Several impacts on a composite structure. In this category we
distinguish other sub-categories :

— Sequential impacts : If displacement equilibrium is achieved after an impact,
we refer to this as a sequential impact (if the point of impact or the impactors
are not the same) and repeated impact (if the point of impact and the
impactor are the same).

— Simultaneous impacts : two impacts at points A and B are considered per-
fectly simultaneous, if the impact at point B occurs before the stress waves
due to the impact at point A reaches the impact area B, see figure [4.2] The
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End of the contact — Displacement Impact |
Mono-impact —— Load Impact |
— Impact |
Simultaneous impacts

— Impact 2
— |mpact 1.3

Out-of-phase impacts M_ Impact 2
— Impact |

Sequential impacts /= Impact 2
— Impact |

Repeated impacts /\ = Impact 2

Figure 4.1 — Multi-impacts types definitions based on impact-induced displacement.

impact time and the local displacement at B are not disturbed by the impact
at A. In practical terms, multiple impacts are called simultaneous if the last

arriving one happens between the start and the end of the contact of the
first arriving ball, see figure [4.1]

Figure 4.2 — Illustration of simultaneous multi-impacts.
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Finally, if simultaneous impacts are repeated, we refer to them as repeated
simultaneous impacts.

— Out-of-phase multi-impacts : Impacts are said to be out-of-phase when they
have a fixed period between one another, before the plate returns to equili-
brium after the previous impact.

- | | - P
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Figure 4.3 — Wave propagation velocity in the composite plate in different directions.

Apart the mono impact, the other configurations are considered as multi-impacts.
it is important to distinguish between these different situations, as we will notice
throughout this work, the behavior of the composite structure changes from one confi-
guration to another, as the phenomena involved are not the same.

The aim of this section is to study the difference between an impact, simultaneous
impacts and sequential impacts.

4.2. Sequential impacts

4.2.1. Configuration Sq/220/15J/Ba/L/2

In this configuration, the position of the first impacts are shown in figure The
first impact of this configuration is the same as that of M/z20/15J/Ba/I/1. The
delaminated surface of this first impact changes as a result of the second sequential
impacts, so we note the delaminated surface of impact 1 before the second impact
(previous delaminated surface, figure and the delaminated surface of impact 1
after the second impact (new delaminated surface, figure , the first mono-impact
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4 mm — |mpact 2

Impact 2 Impact 1

Figure 4.4 — Impact positions L. and M.

is shown in figure [3.26] After this first impact, the plate is taken apart to perform the
C-scans and then put back on the cannon to perform the second impact, called impact
2 or second sequential impact.
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1.4 mm
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Contact time = 0,9 ms ?

Impact 2

[-scan

Figure 4.5 — C-scan of delaminated surface (configuration Sq/220/15J/Ba/L/2) : the first im-
pact (Impact 1), and the second sequential impact (Impact 2).

The average dissipated energy for the second projectile is 12.43 J with a standard
deviation of 0.26 J, resulting in an average maximum displacement of the impactor of
7.91 mm (with a standard deviation of 0.97 mm). We measure an average delaminated
surface area of the second (sequential) impact of 944 mm? with a standard deviation
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of 20 mm? (figure [4.5). We can distinguish the different interfaces and orientations of
the delamination within the thickness. We noticed an increase in delaminated area of
impact 1 of 3% on average despite the fact that there was no damage in this area due
to the second sequential impact, which shows that an impact in a given point can have
an impact on a distant point. We will study the relationship between the distance of
impact centers and the delaminated area in detail in chapter 5. We note that the dela-
minated area due to the second impactor is 23% greater than that in the single-impact
case, which shows that a previous impact degrades impact resistance even if there is
no interference between the delaminated areas. We can assume that the cause is the
loss of local rigidity in impact zone 1. To understand the details, we have performed
an explicit calculation with stabilization of the plate between the two impacts to re-
duce the cost and time of the calculation ; the main reason was to decouple the two
sequential impacts, doing the stabilization by stops and relaxations technique aims to
reduce the cost of calculation. We also noted that when two impacts are close enough,
they tend to move closer together in terms of projected damaged area (due to plate
deformation and balls sliding), as also shown in the figure [4.17]

On the numerical front, it is complicated to stabilize this plate because of its large
dimensions, its flexibility, high inertia and large impacts damages. We will see later
that we were obliged to add 21 stabilization steps between the first step corresponding
to the first impact and step 23 corresponding to the second impact. A mass scaling
process (to decrease calculation time steps by increasing the plate mass, particularly
during relaxation steps) could have been a solution, but in our case it poses a particu-
lar problem ; we are unable to return to zero mass scaling when we make the second
impact on Abaqus, this type of procedure also requires us to redo the verification of
inertia and other parameters that change with increasing plate mass. We finally intro-
duced stabilization steps in two successive forms :

— The step where the plate is left free : a time during which the plate moves freely
(T'free equals to 1.5 x 107 s).

— The stop step : velocities and displacements are set at 0. This step consumes no
more than 5 seconds of calculation time, it is best to keep the time devoted to
these steps as short as possible, we have taken 1 x 10~7 s in our case). During
this stop step, no outputs field are requested to reduce the size of the calculation
output file (.odb). On the other hand, for the T-free, we asked for these outputs
at every step, and we finally realized that we could also optimize by asking for
the outputs in just a few steps (once every two steps for example).

At the end of the impact, the plate displacement does not return to zero. We have ex-
perimentally noticed that the plate is blocked after impacts, and that its displacement
does not return to zero (as we can see on the displacement sensors, figure , these
curves were obtained during tests on configuration M/220/15J/Ba/K/1). This may
be due to the fact that we have a pseudo-plastic deformation, due to the permanent
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indentation that remains and blocks the plate at the impact zone. In the numerical
model, see details in subsection 3.3.1 Configuration M/220/15J/Ba/K/1, the version
in which delamination and matrix cracking interface are not suppressed, this perma-
nent indentation is managed in the plasticity components of matrix cracking. In this
case, we intended not to go directly to the general contact (all exterior) but only to the
impactor-top plate contact. This choice enabled us to divide the calculation time by
about 3 (thanks to the fact that we didn’t have to handle all the calculations for the
all exterior contact). However, depending on the type of sequential configuration, in
the second impact, the damage caused by the previous impact is so great that volume
elements have to be removed, necessitating the use of all-exterior contact to avoid any
interpenetration of the elements. In this first version of the model we will also have a
plasticity character that we will not have completely in the second version with ele-
ment deletion (it will have this character but in a less visible way and linked rather
to the friction coefficient), this plasticity character is fully observable experimentally
where the plate remains locked in a position different from zero after the impact.
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Figure 4.6 — Displacement curves obtained with displacement sensors and their positions.

The most important thing during the stabilization process is to know whether or not
the plate is going to reach the asymptote of its displacement, then the plate will have
small oscillations around the value of this asymptote, see figure 4.7 This is particularly
important to check around the point of impact, where we will have the second impact.
The most revealing nodes for the degree of plate stabilization are the nodes above and
below the point of impact. In addition, 23 steps in total is already sufficient, given that
33 steps is always on the same asymptote in terms of displacement, see figure (b)
between 2.6 ms and the start of the second impactor.
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Figure 4.7 — Plate stabilization for sequential impact configurations (results for configuration

Sq/220/15J/Ba/L/2).

To manage the sequential order of impacts, we use the following formula :

29 = €tot + Rind? - ngp? : (Emp + N - Tfree + M - Tstop) (41)

where zy represents the z-axis position of the second impactor, e;,; is the thickness of
the plate, Rj,q42 is the radius of the second impactor, and Vi, is its velocity. Tip,
is the impact time of first impactor, T, is the relaxation time, and T, is the
stop time. N and M (= N + 1) respectively denote the number of relaxation and
stop steps. To stabilize the plate, during the steps, we apply displacement /velocity
boundary conditions, each time deleting all the previous conditions (BOUNDARY ,
op = NEW, type = velocity) and then resetting our boundary conditions one by one.
This avoids the risk of data overlap and loss.

Figure shows this stabilization process through the difference between plate
displacement at the start and end of certain stabilization steps, we see that we are
converging on a z-displacement value of 4 mm.

124



Multi-impact behavior of composite structures : experimental and numerical approach

u, U3 u, U3 U, U3 u, U3
0.194 0.012 0.038 0.019
0.326 0.474 0.346 0.340
0.845 0.959 0.730 0.699
1.365 444 1.113 1.057
1.884 1.929 1,497 1.416
2.404 2.414 1.881 1.775
2.923 1 2.900 2265 2.133
3.443 3.385 3,649 2.492
3.963 3.870 3'032 2.851
4.482 4.355 3.416 3.210
5.002 4.840 3.800 3.568
ggii 5.325 4‘ 184 3.927

. 5.811 4.568 4.286

Frame | Frame 2 Frame | Frame 2
Y Y Y

z, { z { 2 Y ‘ z ,\1

Relaxation step | "1 Relaxation step 7
H

U, us U, U3 U, U3 U, U3
0.083 0.009 0.025 0.023
0.358 0.417 0.338 0.314
0.799 0.843 0.701 0.651
1.240 1.269 1.064 0.988
1.681 1.695 1.427 1.325
2.122 2.121 1.790 1.662
2.563 2.547 2.153 1.999
3.004 2.973 2.516 2.336
3.445 3.399 2.879 -2.673
3.886 3.825 3.242 -3.010
4,327 4.251 3.604 -3.347
4.768 4.677 3.967 -3.684
5.209 5.103 4.330 -4.021

Frame | Frame 2 Frame | Frame 2
Y Y Y Y

*~ ! *~ x4

Relaxation step 3 Relaxation step

Figure 4.8 — Variation in displacement between start and end frame for each step (deformation
scale factor : 5).

From the numerical perspective, the results of the first impact are shown in confi-
guration M/220/15J/Ba/1/1, the energy dissipated for the second projectile is 12.25
J, with a maximum displacement of the impactor of 7.43 mm and an impact time of
0.8 ms. The projected delaminated surface area is 1263 mm?, figure
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Figure 4.9 — C-scan of delaminated surface (DPM) (configuration Sq/220/15J/Ba/L/2)
first impact (Impact 1), and the second sequential impact (Impact 2).
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We confirm with numerical simulation that there is no interference in damage (ma-
trix cracking, delamination and fiber breakage) between the two impacts zones. On the
other hand, we note that the stress wave propagation following the second sequential
impacts is altered due to the damage created by the first impactor, see figure
This changes the vibrational behavior of the plate and reduces the maximum permis-
sible displacement, leading to a greater concentration of stress and damage at the last
impact zone, figure We can assume that the further spaced the impacts are, the
lower the influence of a first impact compared to a second. We will verify the validity
of this hypothesis in the fifth chapter.
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Figure 4.10 — Displacement magnitude in frame 1 of impact 1 and 2.

4.2.2. Configuration Sq/220/15J/Ba/M/2

In this configuration, the position of the first impact is the same as in Configuration
M/220/15J/Ba/J/1, the distance between the two impactors centers is 22 mm in the
x-direction. After this first impact, the plate is taken apart to perform the C-scans and
then put back on the cannon to perform the second sequential impact. The average
dissipated energy for the second projectile is 14.16 J with a standard deviation of 1.03
J, resulting in an average maximum displacement of the impactor of 9.95 mm (with
a standard deviation of 0.68 mm). We measure an average total delaminated surface
area of 1301 mm? with a standard deviation of 114 mm? (figure [£.11]). Compared to
configuration Sq/220/15J/Ba/L/2, we obtain a smaller total delaminated area in the
case of interfering damaged zones, this is due to the fact that the delaminated area
of interface 1 of the impact (which is the largest among the delaminated interfaces of
the same impact) is masked by the delaminated area of impact 2, in other words the
delaminated area between the centers of the two impacts is shared. If we move the
two impact centers further apart in the 0° direction, we would expect the delaminated
surface to be larger, since the shared surface would be smaller, as clearly shown on the
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Figure 4.11 — C-scan of delaminated surface : (1) first impact, (2) second sequential impact
(configuration Sq/220/15J/Ba/M/2).

numerical model in figure (Step 23, Frame 5) where we see a shared delaminated
surface between the two impacts. A slight shift in the y-direction is noticeable, this may
be due to experimental errors, or to ball sliding, as previously observed in close-impact
configurations (figure and figure [4.5)).

From the numerical perspective, the energy dissipated for the second projectile is
11.36 J, with a maximum displacement of the impactor of 7.81 mm and an impact
time of 1 ms. The projected delaminated surface area is 1368 mm?, figure [£.13] We
note here a slight increase in impact time (from 0.9 ms to 1 ms, see previous DPM
C-scans figures), allowing for greater energy dissipation. We also note that the surface
shared between the two impacts was the interface between the last and penultimate
plies. We conclude that if the delaminations due to each impact intersect in a given
interface, it will tend to be the last one where the damage will be accumulated.

For the plate stabilization procedure, figure [4.14] we observe in the figure that the
plate after the stabilization steps is oscillating around the asymptotic value of its equi-
librium displacement. Here, the virtual displacement sensors are placed in the same
position as in the experimental model, validating that the plate has been well stabilized
before the second impact, and that this procedure can be used to reduce calculation
time and ensure reliable explicit calculation.

Finally, We note a sudden drop in the acceleration of the second impact, figure [4.14]
corresponding to a large fiber break initiated on the side of the first impactor. This
shows once again the influence that a first impact can have on the mechanical behavior
of the plate in a different and distant impact zone.
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Figure 4.12 — Formation of split delaminated surface between two impacts aligned along the
fiber direction in the ply below the most delaminated interface.
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Figure 4.13 — C-scan of delaminated surface (DPM) : (1) first impact, (2) second sequential
impact (configuration Sq/220/15J/Ba/M/2).
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Figure 4.14 — Plate stabilization for sequential impact configurations (results for configuration
Sq/220/15J/Ba/M/2).

4.3. Simultaneous impacts

In this section, we propose to repeat the same configurations as in the sequential
case in simultaneous mode (the same impact parameters except for the time lag, which
is reduced to a value less than 0.5 ms in most cases).

4.3.1. Configuration Si/220/15J/Ba/L/2

In this configuration, we repeat the configuration Sq/220/15J/Ba/L/2 with two si-
multaneous impacts. The average dissipated energy for the projectile 1 is 13.23 J with
a standard deviation of 0.27 J, resulting in an average maximum displacement of the
impactor of 8.39 mm (with a standard deviation of 0.2 mm). We measure an average
delaminated surface area 1 of 1348 mm? with a standard deviation of 67 mm? (figure
. The average dissipated energy for the projectile 2 is 12.59 J with a standard
deviation of 0.34 J, resulting in an average maximum displacement of the impactor
of 11.05 mm (with a standard deviation of 1.17 mm). We measure an average de-
laminated surface area 2 of 813 mm? with a standard deviation of 36 mm? (figure
4.15)). Compared to the same configuration with sequential impacts, we note here an
increase in the total delaminated surface of 23%. Knowing that the delaminated area
due to the second impactor in a sequential configuration is 23% greater than that in
the single-impact case. This is an expected result, given that the total energy applied
to the area surrounding the two impactors is 30 J (15 J 4+ 15 J). The plate will be even
closer to its maximum tolerable deformation and the energy dissipated will therefore
be greater, resulting in a larger delaminated surface.

Experimentally, we note that, depending on the delay between the balls, the first
ball in contact may lose and recover contact with the plate, or it may be the pla-
te’s vibration that repels the ball. We will look at these phenomena in more detail in
Chapter 5.
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Figure 4.15 — C-scan of delaminated surface : 2 simultaneous impacts without damaged surface
interference (configuration Si/220/15J/Ba/L/2).

4.3.2. Configuration Si/220/15J/Ba/M/2
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Figure 4.16 — C-scan of delaminated surface : 2 simultaneous impacts with damaged surface
interference (configuration Si/220/15J/Ba/M/2).

In this configuration, we repeat the configuration Sq/220/15J/Ba/M/2 with two

simultaneous impacts. The total average delaminated surface is 3295 mm? with a
standard deviation of 315 mm?, figure [4.16l Compared to the same configuration
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with sequential impacts, we note here an increase in the total delaminated surface
of 155%. In terms of the phenomena involved, we are approaching the configuration
M/210/15J/Ba/N/1 here. The fact that the total energy of 30 J has been divided over
two impactors gives rise to more fiber breakage under the two impactors, which slows
down the propagation of delamination in both directions. Note that the delay, even
at less than 0.5 ms, is still greater than the perfect case of 0 ms difference, which is
indeed the configuration M/210/15J/Ba/N/1. So far, we note that this configuration
is the most dangerous of those studied in this chapter in terms of delaminated surface,
but the single-impact configuration with equivalent total energy remains more critical.
Note that in this configuration, velocity and dissipated energy calculations are based
on projectile of cannon 1, as cannons’ 2 projectile is hidden by the first one from the
high-speed camera, given that the two projectiles are close to each other and aligned
along the y-axis and the z-axis (to which the camera is parallel).

34.28 mm

Figure 4.17 — Thermal film images : interference of matrix cracking zones.

In addition to the intersection of the delamination at the last interface noted above
with the C-scans and the numerical model, using the thermal film, we obtain a new
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datum ; we notice interference at the level of matrix cracking produced by the two im-
pactors, see figure [4.17] As in the case of delamination, we note the continuity created
by the cracks resulting from each impact. In addition, using the thermal camera, we
can see that although the distance between the centers of the impacts on the impacted
face is not more than 25 mm, on the non-impacted face this distance is 34.28 mm,
which can be explained by the buckling of the plate, given that these two impacts are
almost at the centers of the plate, which is also very large and very flexible. There
must also be a movement of the ball in the plane during impact. For fiber breakage, it
is difficult in this configuration to obtain interference, since fiber breakage is generally
localized under the impactor.

Sequential vs. Simultaneous impacts
4500

+850

4000

3500

3000

2500

2000

1500

Total delaminated surface (mm?)

1000

500

1

-4 s 1 1
Sequential without damaged Simultaneous with damaged

Sequential with damaged ~ surfaceinterferance o o O o b out surface interferance

surface interferance damaged surface interferance

0
Mono-impact (15J)

Mono-impact (30J)

Figure 4.18 — Comparison of sequential and simultaneous impacts in terms of total delaminated
area.

Finally, as shown in figure [£.18], the sequential impact configuration on a previously
damaged area results in the least delaminated surface, since a large proportion of this
surface is shared between the two delaminated surfaces, so the total delaminated sur-
face is consequently smaller. Secondly, the sequential configuration, without damage
interferences, delaminates more surface area but less than the simultaneous configura-
tions (it is important to remember that these are only projected delaminated surfaces,
and there may be other delaminated surfaces which may change). This is a logical
result, given that when analysed by total energy applied, in a simultaneous configura-
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tion more energy is always supplied instantaneously than in a sequential configuration,
the energy dissipated in a simultaneous configuration is greater and therefore creates
more damage in the composite structures. Secondly, as explained in Chapter 3, dela-
mination propagates in the direction of the fibers of the last ply, so it is expected that
two impacts aligned in the same x-direction (0°) will cause more delamination than
two impacts aligned in y-direction (90°), since delamination in this direction does not
exceed a small area around the impactor, damage interfering is unlikely, hence the
configuration of simultaneous impacts aligned at 0° generates more damage than the
second configuration where impacts are aligned at 90°. The criticality of the damage
(especially in terms of delaminated surfaces) is then directly linked to the multi-impact
configuration studied and can vary from one case to another. It is very important to
distinguish between the different configurations and the critical risks of each one.

Conclusion

In this chapter, we have explored and compared the sequential and simultaneous
multi-impacts cases on composite structures, both experimentally and numerically. To
conclude, the delay between impacts plays a major role in the initiation and propaga-
tion of damage in a composite structure. Moreover, simultaneous damage appears to
be more critical than sequential damage. On the numerical level, we have succeeded in
modeling sequential impact cases without incurring high computational costs, using
the plate stabilization method after the first impact.

The findings from this chapter contribute to the broader understanding of multi-
impact behavior in composite structures and provide guidance for future research focus.
We then propose, for the next chapter, to examine the simultaneous character of the
impacts, in order to understand the influence of impact parameters as a function of
projectile delays, and finally to deduce the most critical configuration among all those
studied.

Chapter 4
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5. Multi-impacts : Simultaneous impacts vs. Repeated
simultaneous impacts

Introduction

Following on from Chapter 4, this fifth chapter looks in more detail at the simul-
taneous nature of multi-impacts, assessing in-depth the role of time lag in changing
the criticality of impact damage, and evaluating the influence of other parameters
such as the number of impacts. The aim of this chapter is to find the most influential
parameters in multi-impact cases, and to understand why we can have extremely dif-
ferent damage criticalities in multi-impact cases with the same classic single-impact
parameters.

This chapter highlights the complexity of the phenomena at play in the case of
multiple impacts, and the crucial role of DPM in providing a detailed understanding
of the various parameters involved. In some cases, we carry out virtual tests that are
difficult to obtain experimentally, given the precision required.

Through this chapter, we aim to provide a comprehensive overview understanding
of the similarities and differences between all possible impact cases, enhancing simul-
taneous impacts and repeated simultaneous impacts on composite structures. This
knowledge will contribute to the development of robust design strategies, testing pro-
tocols, and mitigation techniques for composite structures subjected to multi-impact
loading scenarios.

5.1. Simultaneous impacts : effect of distance between impacts

To study the effect of distance between impact centers, mainly in the 90° direction
where there is no interference in delaminated areas, in other directions, more tests are
needed to distinguish between cases with or without interfering damage zones. In this
section, we compare the delaminated surfaces in configurations with 2 simultaneous im-
pacts at 15 J by a 20 mm diameter ball : configuration M/220/30J /Ba/K/1 (where the
distance between impacts is theoretically 0 mm), configuration Si/220/15J/Ba/L/2
(where the distance between impacts is 40 mm), configuration Si/220/15J/Ba/O/2
(where the distance between impacts is 100 mm) and configuration Si/220/15J/Ba/P /2
(160). The first two configurations were presented in chapters 3 and 4, we detail below
the two other configurations, the impactors position is shown in figure [5.1]
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Position O Position P
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Figure 5.1 — Impact positions for configurations O and P.
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Figure 5.2 — C-scan vs. DPM of the 100 mm distance between impact centers configuration
(configuration Si/220/15J/Ba/0O/2).

In this configuration, the distance between the impactors in the 90° direction is 100
mm. The average dissipated energy for the first projectile is 12.97 J with a standard
deviation of 0.80 J, resulting in an average maximum displacement of the impactor of
7.95 mm (with a standard deviation of 0.17 mm). We measure an average total delami-
nated surface area of 813 mm? with a standard deviation of 39 mm? (figure [5.2)). The
average dissipated energy for the second projectile is 11.63 J with a standard devia-
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tion of 0.11 J, resulting in an average maximum displacement of the impactor of 8.08
mm (with a standard deviation of 0.2 mm). We measure an average total delaminated
surface area of 531 mm? with a standard deviation of 19 mm? (figure [5.2)). Compared
to configuration Si/220/15J /Ba/M /2 (where the distance between impacts is 22 mm
along z-direction), we obtain a 150% smaller total delaminated area in this configu-
ration, this is obvious, since the interaction at the delamination level of interface 1
does not occur (as the two impacts are not aligned in the 0° direction), the total de-
laminated surface is then the sum of the delaminated surfaces due to the two impacts
and not the union of the delaminated surface as in configuration Si/220/15J/Ba/M /2.
Compared to configuration Si/220/15J/Ba/L/2 (where the distance between impacts
is 40 mm along y-direction), we obtain a 47% smaller total delaminated area in this
configuration. This shows that the greater the distance between impacts, the less im-
portant the multi-impact character, since the total delaminated surface is lower. These
experimental results correlate well with the numerical model, see figure [5.2]
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Figure 5.3 — C-scan vs. DPM of the 160 mm distance between impact centers configuration
(configuration Si/220/15J/Ba/P/2).

In this configuration, the distance between the impactors in the 90° direction is 160
mm. The average dissipated energy for the first projectile is 12.97 J with a standard de-
viation of 0.80 J, resulting in an average maximum displacement of the impactor of 7.95
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mm (with a standard deviation of 0.17 mm). We measure an average total delaminated
surface area of 813 mm? with a standard deviation of 39 mm? (figure |5.3)). The average
dissipated energy for the second projectile is 11.63 J with a standard deviation of 0.11
J, resulting in an average maximum displacement of the impactor of 8.08 mm (with a
standard deviation of 0.2 mm). We measure an average total delaminated surface area
of 531 mm? with a standard deviation of 19 mm? (figure [5.3)). Compared to configu-
ration Si/220/15J/Ba/O/2, we notice 30% less delaminated surface, which confirms
that the greater the distance between impacts, the less important the multi-impact
character. To explain this, we can observe with the numerical model the difference bet-
ween the displacement along z of the plate in configuration Si/220/15J/Ba/L/2 and
in this configuration, figure [5.4] where displacement is much greater in configuration
Si/220/15J/Ba/L/2, we can clearly identify this difference at t = 0.6 ms. Impor-
tantly, here we only show the difference between plate vibration in the two different
configurations. We do not directly associate the greater displacement in configuration
Si/220/15J/Ba/L/2 with the larger delaminated area. Indeed, in the configuration
Si/220/15J/Ba/O/2, we are closer to the fixtures, so the tolerated displacement is
smaller. But it is clear that we haven’t yet reached the displacement limits in either
configuration. Finally, in configuration Si/220/15J/Ba/L/2, we apply an equivalent of
30 J over a smaller area than in the other configuration, so local damage is inevitably
greater.

U, U3 (mm)

Impact | /o
Impact 2
t=0.2ms \o

Impact | i

t=02ms Impact 2

Figure 5.4 — z-displacement : (a) configuration Si/220/15J/Ba/P/2, (b) configuration
Si/220/15J/Ba/L/2.

In conclusion, we confirm that the greater the distance between impacts, the more
we tend towards a single-impact configuration ; 2 simultaneous impacts are equivalent
to twice a single impact, see figure [5.5| The smaller the distance between impacts,
the more energy is dissipated locally and the greater the resulting damage. Except
in the case of an interspace offset following the 0° direction, where it becomes more
important to differentiate between interfered and non-interfered damage zones, if there
is interference we then expect a union of the delaminated interface 1, which will then
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reduce the size of the delaminated zone compared to another configuration without
interference of the closest possible delaminated zones.

In our case, we note that from 160 mm between impact centers, the multi-impact
character does not play an additional role compared to a single impact (even if it is
slightly less than (2 x mono-impact), but the difference is not significant in view of the
uncertainties). It should be noted that this result obviously depends on impact energy,
projectile mass and velocity, material, stacking sequence, plate thickness and shape,
etc. The configuration Si/220/15J /Ba/N/2 (distance between impacts of 102 mm, 70
mm along x and 75 mm along y) confirms that these conclusions are valid for directions
other than 90° by introducing the case of 22 mm between the impacts centers along
x (Si/220/15J/Ba/M/2). We plot the results of Si/220/15J/Ba/N/2 configuration in
figure as a function of the greatest distance between x-direction and y-direction to
study the effect in one of the two directions, however, it seems that whatever the choice
for this configuration we will almost always follow the same power law (see figure
as the other configurations where the offset is only in the 90° direction. Additionally,
the delaminated surface in the 100 mm case (Si/220/15J/Ba/0/2) is comparable to
the other configuration with 100 mm distance between impacts (Si/220/15J/Ba/N/2),
which may be consistent with the assumption that distance plays the same role in all
directions in configurations without interfering damaged zones.

As a perspective, it would be necessary to look at other damage forms, and in particular
fiber breakage, and eventually residual strength.
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Figure 5.5 — Delaminated area vs. the distance between impacts centers.

139



Multi-impact behavior of composite structures : experimental and numerical approach

5.2. Simultaneous impacts : effect of time lag

During our research, we noticed that with the same impact parameters, the delami-
nated surfaces differ according to the time lag between impacts, even in a simultaneous
impacts configuration. As shown in figure [5.6] in configuration Si/#20/15J/Ba/N/2,
for the same energy/velocity/projectile size and distance between impacts, the dela-
minated surface changes as a function of the time difference between impacts.
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Figure 5.6 — Effect of time lag on delaminated area (C-scan), Si/220/15J/Ba/N/2.
To better understand the reason, we used the numerical model to precisely follow

the phenomena involved. Initially, the two projectiles are placed at the same distance
from the plate. We call At. the time difference at the beginning of contact between
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the projectile and the plate, see figure 5.7 We note that at 0.21 ms time lag (which
is close to the maximum deformation state in the case of a single impact), the second
impactor generates a very large delaminated surface. This is called constructive da-
mage, where the displacement of the second impactor is added (in the same direction
[-z]) to that created by the first impactor. In contrast, at 1.45 ms, when the plate is
no longer in contact with the first impactor and close to its maximum displacement
in the opposite direction to the direction of impact, the second impactor generates
less delamination, i.e. a state of destructive damage in which a surplus of energy from
the second impactor is transformed into elastic energy to drive the plate back to its 0
displacement and then in the direction of impact. Between these two configurations,
at a time lag of 0 ms, the two impactors have a uniform displacement and generate no
particular damage state (the difference between the two delaminated surfaces in this
case is directly linked to the distance of the impact centers from the edges of the plate,
as we observed in chapter 3 : impacts towards the center of the plate are smaller). We
can link constructive and destructive damage states to the displacement of the second
point of impact. Indeed, we note that if the displacements are additive in the same
direction, this will result in a constructive damage state. In the opposite case, where
the displacements are in opposite directions, sustaining the displacements will lead to
a destructive damage state for the second impact. All this highlights the crucial role
played by time lag, which in most configurations results in a larger total delaminated
area than a single impact.

Following the delaminated surface caused by the second impactor, we observe that
constructive displacement leads to a larger delaminated surface, whereas destructive
displacement results in a smaller delaminated surface. This phenomenon can be attri-
buted to the conversion of the ball’s kinetic energy into elastic energy. However, as the
displacement approaches its maximum value, less energy can be stocked as elastic and
a higher proportion of energy is dissipated, leading to increased damage. We do not
notice much difference in the delamination created by the first impactor, as the ball
generally reaches its maximum load at around 0.21 ms. To check whether there will
be a change in the delaminated surface of the first impactor if the time lag between
the two impactors is less than 0.21 ms, we ran a new calculation with a time lag of
0.21 ms. We effectively notice a change in the delaminated surface due to the first
impactor, see figure [5.8

This configuration is potentially the most dangerous, since the loading from the
second impact comes in addition to the maximum displacement generated by the
first impactor. We are convinced that the delamination of the second impact is ac-
tually much greater, it is just that in the numerical model there was an early fiber
break (which greatly reduces the delaminated surface, as explained in configuration
M/220/30J/Ba/K/1). To account for this error, we calculate the ratio of the delami-
nated surface at the splinter level to the total delaminated surface in all the C-scans
conducted thus far. On average, we find that over 50% of the delaminated surface
originates solely from the splinter. This implies that for the current configuration (At
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Figure 5.7 — Effect of time lag on delaminated area (DPM).
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Figure 5.8 — Effect of time lag on delaminated area (At. = 0.21 ms).

= 0.21 ms), the actual delaminated surface for the second impact can reach 1413 mm?,
resulting in a total delaminated surface of 2100 mm? (as a perspective to this point
we can try replacing C3D8 elements with C3D8I in order to better reflect the bending
behavior of a single element in the out-of-plane direction), confirming the same results
as previously reported. Compared to this configuration (At. = 0.21 ms), we notice
that the greater the time lag between two impacts, the smaller the total delaminated
area, see figure It should be noted that the results of this figure are valid only for
different values of At.. For the case of two perfectly simultaneous impacts, we notice
that it does not follow the law announced in the figure since the displacements are
homogeneous and do not produce any particular case of extreme loading, see figure

b.7at At. = 0 ms.

Finally, it appears that time lag between the start of impactors movement is an es-
sential multi-impacts parameter, but the time lag between the projectile/plate contact
of two impacts is more crucial, which allows to take into account two parameters at
the same time : the time lag between the start of impactors movement and plate
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Waterfall chart of total delaminated surface vs. At.(DPM)
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Figure 5.9 — Variation of delaminated area as a function of time lag.

vibration. Obviously, this depends on plate stiffness (thickness) and other impact pa-
rameters (energies, etc.), as shown in configurations at 30 J in total, where time lag
and plate vibration are studied at low impact energies and where At. plays no role at
very low energies (see section 5.3.4. Five simultaneous impacts).

We can conclude that for two simultaneous impacts, if the value of At, is strictly
greater than 0 and less than 0.21 ms (which corresponds to the maximum effort in the
case of a single impact), the more two impacts are delayed in time, the greater the
delaminated surface due to the second impactor. If then At. is strictly greater than
0.21 ms and less than 1 ms, the more two impacts are delayed in time, the smaller the
delaminated area, see figure [5.9. This principle is repeated throughout the vibration
of the plate. For perfectly simultaneous impacts, the second impactor generates the
least delaminated surface. Note that this statement is only valid for the same distance
between two impacts (or a distance of less than 160 mm in our case). If this is not
the case, we may be in a situation where the multi-impact character does not play a
supplementary role, and the time lag between impacts will not make any difference
either.
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5.3. Simultaneous impacts : number of impacts effect

5.3.1. Mono-impact and two simultaneous impacts

Position N

Impact 1

Impact 5 Impact 2

M——-

1301 mm

2l mm

Impact4 /i Impact 3

Figure 5.10 — Impact positions (N).

As previously stated, impact damage varies according to the distance between im-
pacts, impact energy and projectile size, among other factors. Thus, to study only the
effect of the number of impacts, we set the position of the impacts (see figure ,
with 20 mm diameter balls at an energy of 15 J simultaneously, the maximum time lag
between the first and last ball arriving does not exceed 1 ms in all experimental cases.
We decided to investigate only the simultaneous character, which is more critical than
the sequential and more original for comparison with single-impact. Before proceeding
with this study, we propose to summarize the influence of impact configuration and
projectile size on the configurations already studied.

As shown in figure .11 where we rely on configurations Sq/220/15J/Ba/M/2,
Si/220/15J/Ba/M/2 and M/220/30/T/N/1 to fix and minimize the difference bet-
ween the impact parameters. We note that the case of a single impact is the most
critical, with 30 J dissipated instantaneously and locally on the composite structure
(it is not totally dissipated, but it is energy taken from the ball, after perforation,
the ball must still have residual kinetic energy), followed by two simultaneous impacts
at a distance of 22 mm in the 0° direction, where we deliver 15 J per ball, which
is equivalent to deliver 15 J per side with shared delaminated surface between the 2
impacts (union of the delaminated surface and not the sum), the damage generated
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Figure 5.11 — Delaminated area due to mono-impact, sequential and simultaneous impacts.

locally represents that of an impact at 15 J (which is naturally less significant than
that at 30 J and moreover shared between the two impact zones). We believe that
the very large surface area delaminated in the case of a single impact is due to the
phenomenon of delamination creation of interface 1 in the case of ball penetration,
which is not only linked to matrix cracking but also to the direct contact between the
ball and the last ply, which tears it off more than the delamination phenomenon linked
to matrix cracking can do unaided. Then there is the sequential case, where only 15 J
is dissipated instantaneously, which causes less damage. Finally, for a mono-impact at
15 J, only 15 J can be dissipated in total, so the least amount of damage is expected
in the composite structure.

We now propose to summarize the effect of projectile size, taking into account confi-
gurations where the only parameter that changes is the size of the ball : configuration
M/220/15J/Ba/N/1, configuration Si/220/15J/Ba/N/2, configuration
M/210/15J/Ba/N/1 and configuration Si/210/15J/Ba/N/2. In all cases, impact with
a 10 mm ball is more critical than impact with a 20 mm ball, see figure [5.12] In fact,
damage is more localized in the case of the 10 mm ball and leads more easily to fiber
breakage. This is particularly due to the velocity of the small ball (87 m/s), which is
about 3 times greater than that of the 20 mm ball (30 m/s). The response of the com-
posite structure is dominated by the propagation of a deformation wave through the
thickness of the material, in which the structure does not have time to react, leading
to localized damage. At the time of perforation initiation at the center of the impact,
a smaller ball will perforate earlier than a larger ball (a small opening in the center
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Influence of projectile diameters
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Figure 5.12 — The effect of projectile size on the multi-impact response of composite structures.

larger than its diameter will be sufficient), which has to wait for a larger defect to
perforate the plate.

5.3.2. Three simultaneous impacts

In this configuration (Si/220/15J/Ba/N/3), we perform 3 simultaneous impacts
with 20 mm diameter balls at 15 J per ball (which corresponds to a velocity of 30 m/s
per ball), the maximum time lag between the first and last ball arriving does not ex-
ceed 1 ms in all experimental case, the positions of impact are shown in figure[5.10} As
we will discuss below, from 3 simultaneous impacts onwards, the vibratory character
of the plate is strongly present and handles almost all the interactions between the
different impacts. It is therefore important to monitor the plate’s displacement during
impact, as well as the time lag between the projectiles, in order to be able to follow
and analyze the interactions.

As shown in the C-scans of figure [5.13] the delaminated area due to impactor 2
is 66% greater than that due to the first impactor, and the delaminated area due to
impactor 3 is 77% greater than that due to the first impactor. This is partly explai-
ned by the extra energy dissipated when contact is re-established on the second and
third impacts (ﬁgure. As illustrated in figure , an atypical force-displacement
curve is found, reflecting the complexity of the phenomena involved in the case of 3
simultaneous impacts, the green hatched part of the curve indicates negative dissipa-
ted energy, i.e. energy released by the plate to the ball. We can predict that there will
be another case where this vibration causes the ball and plate to come out of contact,
but without contact being re-established. In this case, there will be less delamination
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Figure 5.13 — C-scan of three simultaneous impacts :

than in a single-impact case, since the force applied is lower and the energy dissipated

Multi-impact behavior of composite structures : experimental and numerical approach
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Figure 5.14 — Load-displacement curve for 3 simultaneous impacts, Si/220/15J/Ba/N/3.
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5.3.3. Four simultaneous impacts

In this configuration (Si/220/15J/Ba/N/4), we perform 4 simultaneous impacts
with 20 mm diameter balls at 15 J per ball (which corresponds to a velocity of 30
m/s per ball), the maximum time lag between the first and last ball arriving does not
exceed 1 ms in all experimental cases, in the positions of impact shown in figure [5.10]

A\

Split fiber

Impact 3 Impact 4

t=0.48 ms ’ 28 t= 6,06 ms
1

Figure 5.15 — Temperature variations during 4 simultaneous impacts (configuration

Si/220/15J /Ba/N/4).

As shown in the figure [5.15] (where the camera is placed behind the plate, on the
non-impacted side), the temperature rises to values close to the plate perforation cases
already treated (configuration M/220/30J/Ba/K/1 for example, figure [3.35), we also
see a split fiber at t = 12.64 ms, which means perforation may be imminent, we
conclude that with the same energy per ball and on the same plate using the same
classical impact parameters the damage created per impact zone can be completely
different depending on the vibration of the plate at the moment of impact and so the
multi-impact parameter (MIP) At.. Compared with a single-impact case, we observe
the same damage scenarios per impact zone. We note that, for impact 3 and 4, even
though the damage caused by matrix cracking and delamination are very close, there
was no interference. Moreover, with a higher acquisition frequency, we can measure
the value of At,. by calculating the time delay between the appearance of the thermal
signatures associated with the different impacts (which we were unable to do with
precision, as the camera at our disposal is not fast enough).

Moving to the numerical model, for (A, = 0 ms) the difference between the surfaces
delaminated by impact is marginal, as shown in figure [5.16| compared to configurations
with At. different from zero, which are more critical, as shown in figure [5.15 Following
energy dissipation in these cases in detail is complicated and only made possible by
the use of a numerical model. To further enrich this study, we have chosen to carry
out the perfectly simultaneous cases using the DPM (thanks to its reliability) and the
delayed cases experimentally.

As shown in figure [5.17|(a) several total loss/recovery of contact occurred after the
classic impact time in a single-impact case (1 ms), implying that several overloads of
force were applied to the plate. Before the 1 ms, for impact 3, we notice a drop in
the force applied and then a recharge as there were two impacts of 15 J applied per
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Figure 5.16 — DPM C-scan of 4 simultaneous impacts (At. = Oms), Si/220/15J/Ba/N/4.

duration of 0.5 ms (this partly explains why this is the impactor giving place to the
largest delaminated surface). This is almost the case for impact 2, with less force ge-
nerated by the delayed resumption of contact, which then generates less delaminated
surface. For impact 1, there is a drop in force towards 0.75 ms (as opposed to 1 ms
in the case of a single-impact impact), then there are several resumptions of contact,
but these do not generate enough force on the plate, and therefore less surface dela-
minated than impact 3. For impact 4, contact was comparable to that in the case of
a single impact (lasting 1 ms), except that the plate regained contact with the ball
after 1 ms, generating more dissipated energy and therefore more delaminated sur-
face compared with if contact has not been resumed. The only difference between the
different impacts is their position, which is directly related to the vibration of the plate.

Impact 3 spends the least time in contact with the plate, but generates the most
delaminated surface. This indicates that impact time plays an important role in dissi-
pating more energy, but is not the primary factor; more impact time for a vibrating
plate that generates several start of contact losses will result in much less damage than
a case with a relatively short contact time but with full contact between the ball and
the plate or overload during the same time. Since in the figure m(b), the energy that
can be calculated is the sum of several energies stocked in the plate, so it is easier to
use the load-time curve ((5.17[(a)) to simplify preliminary data analysis.

Figure reveals the distribution of energy dissipated in the plate in fibers, matrix
and delamination elements, the figure shows the accumulated damage at each maxi-
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Figure 5.17 — Load-Time (a) and Load-displacement (b) curves for 4 simultaneous impacts
(configuration Si/220/15J/Ba/N/4).

mum force applied by one of the impactors, each maximum load reached by one of the
impactors results in a new jump in damage dissipation energy (the dotted lines are
drawn from the jumps observed on the damage dissipation). It is important to compare
this figure with the case of a single impact (see figure 3.31]). We note that the jumps in
dissipated energy correspond more or less to the maximum forces measured in the im-
pactors, giving rise to several fiber breaks and explaining the approach to perforation
shown in the figure [5.15 This is also confirmed by the kinetic energy, where a greater
proportion is recovered by the plate than in a mono-impact case. Finally, for damage
energy, we count 11.67 times more energy dissipated compared to a mono-impact case,
while the energy collected by the whole plate has only been multiplied by 4, which
also explains the greater damage observed in this configuration. By energy type, the
order of the proportions recovered by each type of element is the same, but the value
of this proportion is much greater for the plate, which can lead to the total failure of
a composite structure, given the primary role of fibers in mechanical characteristics.

To conclude this configuration, we have shown that the classical parameters involved
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Figure 5.18 — Distribution of different types of energy in case of 4 simultaneous impacts.

in the single-impact case are important parameters that can alter the multi-impact
behavior of composite structures. On the other hand, the At,. parameter together with
the state of the plate vibration during a multi-impact case are two parameters that
are more vivid and influential than the classical ones (except for energy, which will be
studied in detail in configurations at 30 J in total).

5.3.4. Five simultaneous impacts

In this configuration (configuration Si/220/15J/Ba/N/5), we perform 5 simulta-
neous impacts with 20 mm diameter balls at 15 J per ball (which corresponds to a
velocity of 30 m/s per ball), the maximum time lag between the first and last ball
arriving does not exceed 1 ms in all experimental cases, in the positions of impact
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shown in figure [5.10]

+~— |mpact |
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B
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Figure 5.19 — Thermal film images produced during 5 simultaneous impacts.

The video recorded by the high-speed camera shows that ball 1 arrived last and was
pushed back by the plate (due to the elastic energy stored by the plate and restored by
the 4 balls arriving before ball 1) without damaging the plate significantly, i.e. it is a
case of destructive interaction damage. The damage created by balls 2 and 5 arriving
less than 0.4 ms behind balls 3 and 4 is excessive as a result of constructive interaction
damage. Ball 4 arriving first causes damage comparable to that of a single impact.
The second-arriving ball 3 creates more delamination than ball 4 and less than balls 2
and 5. On the other hand, we note that although the delamination created by ball 5 is
greater than that created by ball 3, yet ball 3 produces several fiber breakages (we can
see the fragments peeling off in figure [5.19)), which is more dangerous as it indicates a
close perforation of the plate in this area. This example shows that a large delaminated
surface does not necessarily mean the most fiber breakages. The high-speed thermal
camera gives more accurate information on multi-impact damage than the C-scan, in
this multi-impact case, it highlights a greater risk in impact zone 3 than 5.

In a multi-impact case, it is essential to monitor the various load states on a case-
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Figure 5.20 — Displacement along z due to 5 simultaneous impacts (At. = 0 ms) and Load-
Time curves.

by-case basis, starting with the parameter At. and the vibration of the plate in the
impact zone. This vibration obviously changes depending on the location of the other
impactors. As shown in figure [5.20] the displacement of two impactors with the same
impact parameters changes according to the position of the impact with respect to
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the others. For example, at t = 1.2 ms, impactors 2 and 5 (which are almost at the
same position relative to the sides of the plate) have different movements, impactor 5
which is further apart from the others, generates more displacement of the plate, which
partly explains why it generates the most delaminated surface, as shown in figure [5.21}
The load-time curve (figure also shows that impactor 2 generates the most load
during the second contact with the plate.

Impact |
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Figure 5.21 — DPM C-scan of 5 simultaneous impacts, Si/220/15J/Ba/N/5.

By comparing the DPM C-scans (At. = 0 ms, figure of the 4 simultaneous
impact configuration with those of the 5 simultaneous impact configuration, we can
directly conclude that the order of the most delaminated surfaces is not the same,
even though impactors 1 to 4 have exactly the same impact parameters in both confi-
gurations. This confirms the role played by the position of one impactor in relation
to the others, which is directly linked to the vibration of the plate, which in turn is
linked to the At. parameter, thus managing the multi-impact character of composite
structures. It should be noted that these results are increasingly greater in terms of
total delaminated area, as the maximum time lag between the first and last arriving
balls is not more than 1 ms (the usual contact time for a single impact configuration),
creating a state of constructive interaction damage. If the time lag is greater, we can
have a destructive interaction damage state, with less total delaminated surface in a
case of 5 impacts than in one of 4 impacts, for example.

The load-time curve confirms all these previous results, see figure [5.22] Further-
more, in this configuration, there was no total loss of contact between the ball and the
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Figure 5.22 — Load-time curve of 5 simultaneous impacts.

plate. However, we note that the impact time is 50% longer than in a single-impact
case, which might lead us to think that more time will be available to dissipate more
energy. This is clearly not the case, as the longer impact time does not result in more
energy being dissipated in the case of partial ball /plate contact losses. When dynamic
effects are taken into account, in a multi-impact case, a longer impact time does not
necessarily mean more damage. In this case, the impact time does not provide reliable
information on the state of damage of composite structures. We must emphasize the
important role played by the DPM in monitoring and understanding the phenomena
involved in this type of complicated case.

Taking into account figure [5.22] we notice a first resumption of contact at all impac-
tors at around 0.6 ms, resulting in a peak in the energy dissipated in the plate, which
initially suggests a critical state of damage. However, as shown in figure [5.23], this peak
was mainly observed in the strain energy, but did not lead to any significant change
in the dissipated energy, confirming once again that perfectly simultaneous loading is
less dangerous than simultaneous loading with a delay of less than 0.2 ms between
impacts, which may lead to dissipated energy peaks and therefore more damage in
composite structures.

To conclude on the effect of the number of simultaneous impacts at a constant energy
per projectile, we have noted the strong influence of one more impact to change the
load applied by another ball and the plate and the influence this can have on the
amount of energy dissipated and which ultimately, whether it is important, leads to
more damage on a composite structure. If we look at the total delaminated surface
area, we see a positive trend in this area in relation to the number of impacts, the
variation between the surface delaminated by a number of successive impactors is al-
ways increasing (between 1 and 4 impactors), but the gap tends to narrow towards an
asymptote (between 4 and 5 simultaneous impacts), as shown in figure [5.24] However,
we must note the more important role played by the At. parameter, which at different
values can result in more or less delaminated surfaces for the same number of simul-
taneous impacts.
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Figure 5.23 — Energy dissipation during 5 simultaneous impacts.

Figure [5.25| indicates that the ratio between the total delaminated surface and the
number of impacts is not constant, the relationship between the total kinetic energy
of projectiles launched simultaneously and the total surface area delaminated is non-
linear. In fact, the ratio increases with the number of impacts, which may also be due
to the constructive interaction damage conditions encountered during this experimen-
tal campaign.

5.4. Simultaneous impacts : effect of impact energy

In this section, we investigate the response of composite structures to multi-impacts
at a constant total impact energy, which will allow us to highlight the effect of energy
variation in the case of multi-impacts, going from 30 J per projectile to 6 J per projec-
tile. For the latter configurations, the energy is increasingly lower to be able to re-study
the effect of the different parameters of multi-impacts at lower energies, where interac-
tions are more difficult to achieve and the effects are less significant. We adopt the same
impact positions as before, see figure [5.10] Impacts are made with 20 mm-diameter
steel balls.

157



Multi-impact behavior of composite structures : experimental and numerical approach

Delaminated surface as a function of the number of simultaneous impacts
(15J/Ball)

5 impacts

4 impacts

3 impacts

2 impacts

Mono-impact

0 1000 2000 3000 4000 5000 6000 7000
Total delaminated surface (mm?)

Figure 5.24 — Delaminated area as function of the number of simultaneous impacts (experi-
mental results).
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Figure 5.25 — Evolution of the ratio of delaminated area by the number of simultaneous im-
pacts.

5.4.1. Mono-impact and two simultaneous impacts

To summarize the case of a single impact and 2 simultaneous impacts at different
energies, we consider configuration M/220/30J/T/N/1 | Configuration
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Si/220/15J/Ba/N /2, Configuration Si/220/15J/Ba/L/2 and Configuration
Si/220/15J/Ba/M/2. In the case of a single impact at 30 J, the plate was perforated
and the delaminated area is 230% greater than the total delaminated area in the
case of two simultaneous impacts aligned in the 0° direction and close together (a
distance of 22 mm between the impact centers). The union of delaminated surfaces in
the case of two impacts generates less damage than two impacts not aligned along 0°.
At 30 J, excessive delamination is largely due to direct contact between the ball at
the moment of perforation and the last ply, as the ball detaches this ply and changes
the classic delamination mechanism (due to matrix cracking). For two simultaneous
impacts aligned in the 90° direction and 40 mm apart, we found 200% less delaminated
surface compared with an impact at 30 J and 26% more compared with an impact
aligned in the 0° direction. This difference is due to the fact that, in this case, the
total delaminated surface takes into account the sum of the delamination created at
the level of the 4 splinters and not the union between the common splinters. For two
more distant impacts, the parameter At. considerably changes the value of the total
delaminated surface, the configurations being more critical if At. is less than 0.2 ms
and less critical afterwards until the end of the contact (1 ms). In our case, above a
distance of 160 mm, the simultaneous character plays no significant role.

5.4.2. Three simultaneous impacts at 10J/projectile

In this configuration (configuration Si/220/30J/T/N/3), we perform 3 simultaneous
impacts with a maximum time lag between the first and the last impact of 1 ms. We
used 20 mm diameter steel balls. Impacts are performed at an energy of 10 J per ball
(corresponding to an impact velocity of 25 m/s), which is 2/3 of the energy typically
used previously. However, as shown in figure [5.26] the surface area delaminated per
impact is on average 214% lower than in the 15 J/ball cases. We also note that there is
no significant difference between the delaminated areas even with At,. different from 0
experimentally and equal to zero in the numerical model. The multi-impact character
is therefore less dominant at low energies and increasingly important at higher ener-
gies. We would like to point out that in the 3 tests carried out experimentally, the
order of delaminated surfaces per impact is not the same, which shows that there is
still a role played by the time lag between impacts, but this effect is so small and still
negligible given the size of the damage generated.

We also notice that the impact time is greater than for the 15 J/ball configurations,
whereas the delaminated surface is smaller in this case. Once again, this confirms that
impact time is an important parameter, but should be treated with caution in relation
to other parameters. It is unreliable to judge the criticality of damage to a composite
structure solely on the basis of impact time. It should be noted that there were several
drops in force applied to the plate for impactors 2 and 3, which partly explains the
smaller delaminated area of these two impactors compared with impact 1. Note that
the damage generated by these impacts is difficult to detect with a naked eye, but
using the C-scan, we can detect delamination at all 6 interfaces of the material. This
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Figure 5.26 — C-scan of 3 simultaneous impacts at a total energy of 30 J : Experimental vs.
DPM (configuration Si/220/30J/T/N/3).

leads us back to the issue of barely visible impact damage (BVID), which can lead to
a drop in the mechanical properties of composite structures without leaving a visible
indentation on the surface.

5.4.3. Four simultaneous impacts at 7.5 J/projectile

In this configuration (configuration Si/220/30J/T/N/4), we perform 4 simultaneous
impacts with a maximum time lag between the first and the last impact of 1 ms. We
used 20 mm diameter steel balls. Impacts are performed at an energy of 7.5 J per ball
(corresponding to an impact velocity of 21.65 m/s), see figure [5.27, We find that the
difference in the delaminated areas per impact becomes smaller as the impact energy
decreases, and that the multi-impact character plays a smaller role, since whatever
the parameter At. there is little influence of the delayed impactor on the others. To
explain this, we note on figure that up to 67% of the balls’ kinetic energy is
transformed into elastic energy, and only a small amount is finally transformed into
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Figure 5.27 — C-scan of 4 simultaneous impacts at a total energy of 30 J : Experimental vs.
DPM (configuration Si/220/30J/T/N/4).

dissipated energy (< 1 J). Unlike the 15 J/ball cases, here the maximum impactor load
does not directly imply a jump in dissipated energy, so fewer damages are noticeable,
see figure We also note that this part of dissipated energy increases slightly after
1 ms, which represents the end of contact for a single-impact case and corresponds
here to a resumption of contact between several balls and the plate, see figure |5.28
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Figure 5.28 — Energy dissipation in a 4 simultaneous impacts at 30 J in total (DPM).

As shown in the figure, we exceeded 1.5 ms as impact time, while delamination was
at its lowest throughout this work, demonstrating once again the irrelevance of consi-
dering impact time as the sole criterion for judging the severity of impact damage.
Meanwhile, as in the case of multi-impact configurations at 15 J/ball, several par-
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tial losses and resumption of contact between the ball and the plate are observed. The
effects of multi-impact are present, but their influence is minimal, since the energy dis-
sipated is low, the difference between damage levels is also small, and the multi-impact
character is not dominant. In the perfectly simultaneous cases (carried out under the
DPM), the impact damage is slightly smaller than that obtained experimentally at At,
different from 0, but we cannot conclude beyond this, since even in the mono-impacts,
we noticed a slightly smaller delaminated surface than experimentally.

In terms of analysis using the high speed IR camera, we lost considerable quality
of the images obtained because of the use of a large recording window to capture the
4 impacts, the maximum frequency is lower (104 Hz) and does not allow us to track
the damage during the impact time (1.5 ms), see figure m This is one of the main
limitations of the used camera. We also note that the maximum temperature is very
low, due to the fact that damage occurs at the depth of the material and the camera
only detects what is transferred to the outer surface, which is low in this case given the
low energy dissipated in the plate. This also shows that there are no fiber breakages
on the plies close to the back of the plate. As temperature variations only represent
delamination and matrix cracking (see chapter 3 for reference temperature variation
values). Comparing thermal analysis results with C-scan,we observe that the C-scan
is more precise in providing the shape of delaminations at low impact energies.
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-— Impal:t‘Z

Impact 3 Impact 4

-

Figure 5.29 — Thermal film images of a 4 simultaneous impacts at 30 J in total.

5.4.4. Five simultaneous impacts at 6 J/projectile

In this configuration (configuration Si/220/30J/T/N/5), we execute 5 simultaneous
impacts with a maximum time lag between the first and the last impact of 1 ms. We
used 20 mm diameter steel balls. Impacts are performed at an energy of 6 J per ball
(corresponding to an impact velocity of 19.37 m/s), see figure . We do not notice
any major difference in delaminated surfaces compared with the previous case (7.5
J/Ball). There is no great difference between the perfectly simultaneous configura-
tions (DPM) and the configurations with At. different from 0. As we explained in
the previous configuration, the proportion of energy dissipated in the plate is low, the
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Figure 5.30 — C-scan of 5 simultaneous impacts at a total energy of 30 J : Experimental vs.
DPM (configuration Si/220/30J/T/N/5).

multi-impact character does not play a dominant role, and the structures are in any
case slightly damaged.
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Figure 5.31 — Load-Time curve in a 5 simultaneous impacts at 30 J in total (DPM).

As shown in the figure , the multi-impact character is still present, with ball /plate
drops and re-contacts and longer impact times, but given the low energy dissipated,
this multi-impact character doesn’t play a dominant role. Compared with the 4 simul-
taneous impacts configuration, we note here more effort drops and more disturbances
at the various impacts. The impact time is shorter than that of the 4 simultaneous
impacts configuration, but this doesn’t make any real difference, as we explained ear-
lier, due to drops and resumptions of contact.
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To conclude this section on the effect of multi-impact energy, we note a different
proportion of energy dissipated and delaminated area depending on the multi-impact
configuration, the delaminated area is very low below 10 J and increases considerably
for 15 and 30 J. It should be noted that a major reason for the excessive delamination
at 30 J also lies in the perforation of the plate and the direct contact created between
the ball and the last ply.

Comparing this configuration of 30 J in total with that of 15 J/ball (figure , we
note the obvious result that increasing the number of impacts for a constant energy per
ball generates greater damage than increasing the total energy applied to a composite
structure. This is because the total energy between the two cases is not the same, and
the energy dissipated is greater in 15 J/ball configuration, resulting in more extensive
damage.
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Figure 5.32 — Delaminated area as function of kinetic energy per projectile.

5.5. Repeated simultaneous impacts
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Figure 5.33 — Thermal film images of 2 repeated simultaneous impacts at 15 J/projectile.
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In the literature, mono-impacts are widely studied, then an increasing number of
publications are interested in repeated impacts. In this work, we have studied multi-
impacts in detail, and in this section we follow up with the study of repeated si-
multaneous multi-impacts to track the evolution of multi-impacts over repetitions (2
simultaneous impacts repeated 3 times), see figure . The parameters used are the
same as for configuration Si/220/15J/Ba/N/2.

As shown in figure [5.33] the damage becomes increasingly severe from one repetition
to the next, until the plate is perforated in impact zone 2.

Matrix cracking becomes increasingly pronounced, especially at the center of impact
in the direction of the fibers in the lower ply (on the non-impacted face), and during
the third repetition extends to the edges of the plate.

o

Time = 0 ms ! : Time = 0.2 ms

Time = 0.8 ms Time = ms

Figure 5.34 — Propagation of fiber breakages in the thickness of the material during the second
repetition (DPM).

For fiber breakage, the area under the impactor contains the most fiber breakage,
leading in the third repetition to perforation. To explain this, we use the numerical
model to highlight the propagation of fiber breakage. Figure [5.34] shows that follo-
wing the first impacts, most of the fiber breaks are located under the impactor on
the impacted face (t = 0 ms). Then, following the breakage of all matrix cracking
and delamination elements in the thickness of the material, the more fibers support
the load applied by the impactor unaided, the more fiber breaks are observed from
one ply to the one below, reaching the last ply in the third repetition. All elements
under the impactor are fractured, the ball perforates then the plate. This test shows
the criticality of repetition in producing fiber breaks in the thickness of the material,
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leading very quickly to complete perforation of the composite structure.

For delamination, we distinguish two different forms of evolution (figure [5.35)) :

— Impact 1 (and impact 2 between the second and third repetition) : a basic dela-
mination pattern remains the same (enlarging slightly) and it is just the splinters
that delaminate sideways, this is because in the 90° direction the damage reaches
its maximum, it is then blocked by the delamination on the outer "eye" shape.
The delamination and matrix cracking in the center continue to propagate then
creating long splinters on the sides.

— Impact 2 (between first and second repetition) : the entire shape expands over
the course of the repetition. This is because the shape of the delamination in the
first repetition has not yet reached its maximum, because of the MIP (At. = 1
ms) the delamination created in zone 2 during the first repetition is less than that
expected in the case of a mono-impact.

We then observe that, over several repetitions, the basic damage pattern seen in a
simple simultaneous multi-impact case develops to its maximum, then delamination
propagation and matrix cracking on the splinters continue at the same time as fiber
breaks under the impactor in the thickness of the material. Finally, when all the ele-
ments under the impactor have broken, the projectile perforates the plate.
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Figure 5.35 — Delaminated area as function of the number of repeated simultaneous impacts
(experimental results).
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Conclusion

In this chapter, we have explored the behavior and effects of simultaneous impacts
versus repeated simultaneous impacts on composite structures. By conducting a com-
prehensive analysis of different impact configurations, we have gained valuable insights
into the similarities, differences, and implications of these two types of multi-impact
scenarios. It also gives us a more overall picture of the impact behavior of composite
structures, including the various new multi-impact configurations presented throu-
ghout this work.

To conclude this chapter, it is relevant to consider simultaneous multi-impact cases
as opposed to mono-impacts, repeated impacts and sequential multi-impacts, given
the criticality of the damage generated in simultaneous cases, as well as the difference
in damage-forming mechanisms that can, depending on the case, produce premature
ruin of the composite structures. The MIP (At.) and the plate vibration are the
two most important elements to take into account when expecting a given pattern of
damage. Other parameters such as impact time, impact energy and projectile size play
an important role in multi-impact, except that they are always driven by the multi-
impact parameter (MIP) in simultaneous cases. For tests with random impacts, critical
configurations may be missed, as we have shown throughout this chapter, the time lag
between impacts completely changes the state of damage created within composite
structures.

The numerical model not only demonstrated its reliability in reproducing the res-
ponse of composite structures in complex multi-impacts configurations, but was also
a wand during the course of this work, helping to understand the phenomena involved
and enabling us to track parameters that are difficult to measure experimentally, such
as vibration at any point on the plate, load curves, multi-cut views without damaging
any surface and so on.

Chapter 5
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General conclusions and perspectives

The work carried out in this thesis initially enabled us to explore a new method
for dimensioning composite structures in terms of tolerance to impact and multi-
impact damage. This method is based on the use of the "compressed air cannon'
machine developed during this thesis, which allows the phenomena between the plate
and the impactor to be managed without forcing the impact direction, impact time
or other impact parameters, which is more representative of real service conditions in
many common cases. The use of IR high speed cameras has enabled us to validate
the various damage scenarios involved, distinguishing between the different types of
composite damage and their sequence and origins during impact.

The use of DPM in parallel with a Virtual Testing approach has enabled us to gain
a better understanding of these phenomena, and to validate both experimental and
numerical results in the case of an impact. The result has been a significant reduction
in testing time and costs, and in some cases enabling the realization of certain configu-
rations that are difficult to implement experimentally because of the order of accuracy
required. These impact studies have been carried out on a structural scale, and not on
a coupon scale or on uniaxial tests whose boundary conditions are not representative
of the real life of a structure, as is the case with traditional sizing methods used in
industry.

In this thesis, we have investigated and analyzed the multi-impact behavior of com-
posite structures, aiming to enhance our understanding of their response to a general
impact case and help improving their overall performance and durability. Through a
combination of literature review, experimental investigations, and numerical simula-
tions, several key findings and insights have emerged.

Firstly, the literature review provided a comprehensive overview of the impact be-
havior of composite structures, highlighting the various damage mechanisms that can
occur and the degradation of structural performance over repetitive impacts. This lite-
rature review brought to light the need to study complicated multi-impact cases which
are rarely covered in the literature.

Secondly, through experimental investigations using the Compressed Air Cannon,
we were able to characterize the damage evolution and energy absorption of composite
specimens subjected to all multi-impact cases, each time assessing the importance of
each impact parameter. These experiments allowed us to understand the progressive
damage accumulation and the influence of multiple loading events on the structural
integrity of composites. We have also revealed the multi-impact parameter that drives
the formation and criticality of damage in the case of multiple impacts.

Thirdly, numerical simulations, using the DPM, provided valuable insights into the
stress distribution, failure mechanisms, and energy dissipation of composite structures
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under multi-impact conditions. In certain configurations, it has also overcome experi-
mental limits, ensuring the desired precision of the various impact parameters. These
simulations enabled us to optimize the design of composite structures for enhanced
impact resistance and damage tolerance. By combining experimental and numerical
approaches, we were able to achieve a better understanding of the various phenomena
involved, and reduce both testing and calculation time/costs.

Subsequently, the thesis work removed the ambiguity of the terms used in the case
of multiple impacts by distinguishing between different possible configurations with
measurable parameters. This has allowed us to study each configuration side by side
and distinguish the most critical ones. This work will provide the community interested
in the study of the impact behavior of composite structures with a more general idea of
the damage scenarios and the most influential parameters in the case of a single impact,
and particularly in the different cases of multi-impact. The information provided in
this manuscript on the distinction between the different impact cases will perhaps lead
to the redesign of several test machines capable of more accurately reproducing real-
life impact configurations without neglecting the essential parameters listed in the last
three chapters. On the other hand, more attention has been paid to the instrumentation
of the test benches, in order to obtain maximum information in the most complicated
configurations. The use of the DPM in this part of our study was vital, given the
complexity of the phenomena involved, due to the many interactions between the
various projectiles. The DPM model allowed us to pinpoint the multi-impact parameter
that drives the various multi-impact cases, and to go beyond our experimental limits,
in particular to study the precise role of the multi-impact parameter (MIP).

As a result of this work, to compare two impact or multi-impact configurations, we
need to be more precise about the test configuration in question : will the impacts
be applied simultaneously or sequentially 7 what is the time lag between them 7 will
they be in the same impact zone or staggered ? according to which direction ? what
is the impactor size ? what is its energy ? By answering all these questions, with the
information provided in this manuscript, we will be able to differentiate between the
configurations in question and determine which is more critical, knowing exactly why.
It can be concluded that the most critical time lag between 2 impacts is the one
corresponding to the maximum effort of the first impact. Also, the delay between im-
pacts plays a major role in the initiation and propagation of damage in a composite
structure. Moreover, simultaneous damage appears to be more critical than sequential
damage.

Finally, considering energies per ball seems more practical for the industry, as an
impact at 30 J caused more delamination than all other configurations at 30 J in total
applied. On the other hand, if we are interested in the phenomena that take place
within impact configurations, multi-impact tests are richer and less predictable than
single-impact tests. In fact, with the same parameters as for a single impact (energy,
velocity, angle of impact, impactor position, etc.), the MIP changes the behavior of
the plate and can cause damage many times greater (or smaller) than that expected
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in simple impact configurations.

Unfortunately, several elements remained unimproved. Firstly, time constraints have
not allowed a complete characterization of the material and we have not been able to
follow the mechanical test pyramid, a precise characterization should improve the
numerical results and allow increasing the predictive performances of our model. Se-
condly, at the cannon level, the positions of the displacement sensors could have been
optimized and placed directly behind the impact points (in configurations without
plate perforation) to enable us to take advantage of the data from these sensors and
compare them with the numerical model. Simultaneity control can be improved by
further optimizing the cannon automation program, or by equipping the firing system
with more precise electric actuators. The use of thermal imaging cameras is promising,
but we must ensure greater acquisition frequency in order to track damage during im-
pact with greater precision. It would also be important to calculate the heat transfer
rate per ply, to enable us to get back to the exact time of the phenomena visualized
on the non-impacted face. Finally, more effort can be given to DPM to improve the
initiation of fiber breakage and coupling with matrix cracking, and more generally, the
thermo-mechanical aspect needs to be modelled to obtain a model that predicts the
temperature field, and then compare it with these results.

As an extension of this work, we can improve on the above points and extend the
use of the cannon to other multi-impact configurations, by mixing balls of different
dimensions, or using real gravel and gelatin or ice cubes to ensure these impacts, or
test random impact configurations with impact probability laws to start feeding an
Al-based model that can eventually predict the most critical configuration possible
for a given material and stacking sequence. Independently of AI, DPM should now be
used to refine which cases are the most critical ; and not only according to the criterion
of delaminated surface but also of fiber breakage. In addition, the study detailed in
this manuscript for a carbon/epoxy composite can be repeated using other materials
(fiberglass, Kevlar, bio-composites, etc.). It would be also interesting to carry out a
test campaign to evaluate the material’s strain rate sensitivity in order to implement
the DPM. To establish design criteria, CAI tests could be used to estimate the resi-
dual strength of multi-impacted plates. In this work, we focused on the delaminated
surface, but this is not enough (even if it is a very interesting first step), we also need
to do similar work on fiber breakage; and finally, the residual strength which is the
most important (as CAl is often the worst loading).
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A. Appendix : 3D view of the compressed air cannon
test bench.
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B. Appendix : Nomenclature of configurations

Sequential (Sq)

Simultaneous (Si)  Diameter Per ball (Ba)
Mono-impact (M) 10 or 20mm In total (T)
A B cf D] Bl )

We will use the following nomenclature to distinguish the different configurations
tested in this thesis : "configuration A/B/C/D/E/ *". Where A is either Sq to indicate
sequential cases, Si to indicate simultaneous impacts or M to indicate a mono-impact
case. B is either 10 to denote the use of 10 mm diameter balls or 20 to denote the
use of 20 mm diameter balls. ' specifies the projectile energy in J. If this energy
is provided by each ball, then D is equal to Ba (per ball), and the energy value is
specified in C. If D is T" (in total), then the value of C represents the total energy with
all the balls. Next, IX denotes the impact position, generally explained in a schematic
at the beginning of the following chapters to distinguish the different possible impact
positions. F' denotes the number of impacts in question, and finally, if "*" is added,
it means that it is a configuration of repeated impacts. For example, the designation
Configuration Si/220/15J/Ba/O/2 means that it is a configuration of 2 simultaneous
impacts with an energy of 15 J per ball using 20 mm diameter balls positioned at
O-position, as shown in Figure [5.1]
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C. Appendix : Configurations summary table

i . Projectile
Main configuration Nomenclature BistaneebERwcEnllRact Type diameter Cannon
centers (mm)
(mm)
M/220/15J)/Ba/l/1 - Mono 1
. 1
Sequential vs. simultaneous Sq/220/15)/Ba/L/2 Sequential >
in undamaged areas 40 1
Si/220/15J)/Ba/L/2 Simultaneous 3
M/220/15J/Ba/J/1 - Mono 1
Sequential vs. simultaneous Sq/220/15)/Ba/M/2 Sequential i
in damaged areas 22 A
Si/220/15J/Ba/M/2 Simultaneous 3
Si/220/15J/Ba/0/2 100 L
Variable distance between . 3
: Simultaneous
IIEEIEE Si/220/15)/Ba/P/2 160 ‘1‘
M/220/15J/Ba/K/1 - Mono 1
i/020/15)/Ba/N/2 ;
1
Si/220/15)/Ba/N/3 2
3
1
15J per ball, varying the >
number of impacts Si/220/15J/Ba/N/4 Position N Simultaneous 20 3
4
1
2
Si/220/15J/Ba/N/5 E]
4
5
M/220/30J/Ba/K/1 - Mono il
i/220/15)/Ba/N/2 i
1
Si/@20/30J/T/N/3 2
3
1
301 in total, varying the 5
number of impacts Si/220/30)/T/N/4 Position N Simultaneous 5
4
1
2
Si/220/30J/T/N/5 E]
4
5
M/210/15J/Ba/K/1 - Mono 1
Ball 100mm 10 1
Si/210/15J)/Ba/K/2 Simultaneous 5
—_— o Position N Repedted
imultaneous repeate .
impacts (cannon l,g) (15J/B) SJEE A R simultaneous
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D. Appendix : Summary of impact positions.

Position |

Position L

I4Z7ﬂ7/77
Impact 2

Position O

Impact 1

Impact 2

Position J Position K

Position M Position N

Impact 1
Impact 5 Impact 2
—eeep

[0 mm

2l mm

27 mm

<«— Impact 2
Impact 1

Impact 4 Impact 3

Position P

Impact 1

Impact 2
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