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All rights reserved.

Technical University of Denmark
Department of Mechanical Engineering
Section of Solid Mechanics
Nils Koppels Allé, Building 404
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iii



iv



Abstract

The share of composite materials in major civilian structures has been steadily increasing since
the 1950s. Their excellent stiffness/strength-to-weight ratio makes them ideal for applications
where weight saving and increased maneuverability are essential. During the past decades,
material researchers, structural engineers and manufacturers have been bridging the gap between
composite structures and traditional metallic structures. Their appeal is now permeating into
the military sector, they are not only seen as a weight-saving opportunity for the main structural
components but also as a vector to replace passive defense systems such as armor plates. Such
plates tend to be very thick, and hence heavy, since they constitute the first line of defense against
near-field blasts, ballistic and fragmentation attacks in active conflict areas. The aforementioned
threats subject the target to strain variations that occur at a substantially higher rate than quasi-
static loads such as flight maneuvering loads. Quasi-static loads induce strain-rates between
10-3 and 10-2 s-1. Such low strain-rates correspond to the loading capacities of traditional
servo-hydraulic machines making the characterization of both metallic and composite materials
straightforward for said strain-rates, even for out-of-plane or interlaminar properties. Moving up
in the dynamic domain, high strain-rates can be generated in various manners. High-speed servo-
hydraulic machines are able to generate intermediate strain-rates between 10-2 and 1 s-1. In order
to reach higher strain-rate levels, other known experimental methods are the Charpy machine,
impact loading, the shock tube, small explosive charges or the Split Hopkinson Pressure Bar.
These experimental methods are often used to characterize material properties on a coupon
level, but are usually hard to scale-up when trying to perform tests at a sub-component or
component level. In such cases, full-scale blast tests with real-life explosive charges are applied,
where strain-rates can reach up to 104 s-1.

Performing tests on full-scale composite panels with realistic explosive charges is a non-trivial
task. A secluded location, far from civilian activity, needs to be secured and personnel trained in
explosive handling is usually required. What’s more, because of the amplitude of the blast, these
locations tend to be open-air facilities, where the explosive and the specimens are subjected to
changing weather conditions, which can greatly affect the performance of plastic explosives, and
hence be a nuisance for test repeatability. Additionally, measurements are difficult to perform
during blast tests. Any kind of instrumentation device risks being damaged during a blast.
The explosion cloud can even interfere with the imaging equipment, since it may engulf the
test specimen obstructing the video recording during the initial phases. Therefore, only post-
mortem inspections can be performed on the composite plates. The through-thickness damage
timeline generated by the blast is concealed within the thickness of the panels. Consequently,
the panels need to be cut so that the extension of the delaminations can be measured. However,
the experimentalist remains oblivious to when and where delaminations initiated and how they
propagated.

This work introduces a new experimental setup, the Narrow Beam Impact Test (NBIT),
which aims to generate similar loading levels and damage modes as those seen during near-
field blast tests but under controlled laboratory conditions. The NBIT consists of a narrow
composite beam that is impacted by a soft polyethylene impactor while its thickness is exposed
to two high-speed cameras. By doing so, the through-thickness damage timeline is exposed to
the observer in real time.
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The first part of the thesis describes the NBIT experimental setup, including mishaps and
ideas that were not adopted in the final design. Several impactor materials were tested and high
density polyethylene was selected due to its tendency to generate a smaller impact flash while not
disintegrating during the impact. The second part describes the experimental results of NBITs
performed on composite beams made of E-Glass/Polyester. Damage modes within the impact
energy range [50 - 1050] J were thoroughly described and three aspects were analyzed in order
to establish the full through-thickness damage timeline: delamination onset time, delamination
onset location and delamination propagation. It was measured that the first delamination onset
occurred at an average of 20µs after impact. It was concluded that the delaminations onset
time remains constant with respect to the impact energy. Delamination onset was consistently
located at the rearmost third of the specimen’s thickness and was seen to migrate backwards
with increasing impact energy. The delamination propagation velocity was also measured and
three propagation zones were identified with a rapid first propagation speed of ca. 1700 m.s-1.
Finally, the backside deformed shape is extracted using image tracking software for later analysis.
Additionally, the deformed shape measurements allowed for discussing the dynamic effect on the
longitudinal Young’s modulus and the in-plane compressive strength. An increase of 27 % and
63 % was measured respectively.

The fourth part focuses on the numerical modeling of the experiment. Part four describes
a Finite Element Model of the NBIT built using the explicit commercial code LS-DYNA. The
effects of the material modeling of the impactor are described along with two contact based
delamination models. A parametric study on interlaminar properties was carried out and it was
found that the delamination propagation was shear dominated. Thanks to the experimental
deformed shape extracted in part two, the Interlaminar Shear Strength and mode II critical
energy release rate were seen to increase by 79 % and 10 % respectively.

The fifth and final part introduces an analytical model based on 1-D elastic wave propagation
mechanics in order to understand the through-thickness stress state of the beams tested in part
two. The analytical model was able to predict the delamination onset and location for the first
delamination mode.

Finally, Appendix A discusses a tangent of this work that arose while testing different im-
pactor materials: the dynamic testing of polymers.

The sum of the work presented in this thesis provides an insight into the timeline of through-
thickness damage generated under dynamic loading in thick monolithic composites. Such im-
proved understanding paves the way for designers of defense systems in order to tailor the
architecture of lighter armor plates made of composite materials .
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Resumé

Andelen af komposit-materialer i større konstruktioner i den civile sektor er steget støt siden
1950’erne. Deres attraktive forhold imellem stivhed/styrke og vægt gør dem ideelle til app-
likationer, hvor vægtbesparelse og øget manøvredygtighed er vigtig. I løbet af de sidste årtier
har materialeforskere, konstruktions-ingeniører og fabrikanter gjort afstanden mellem komposit-
konstruktioner og traditionelle metalliske konstruktioner mindre. Deres popularitet har nu ogs̊a
spredt sig til den militære sektor. Regeringer og forskere sammen med forsvarsentreprenører
undersøger muligheden for at indarbejde komposit-materialer i forsvarsanvendelser. De ses ikke
kun som en vægtbesparende mulighed for de vigtigste strukturelle komponenter, men ogs̊a som
kandidater til at erstatte passive materiale systemer, s̊asom pansrings-plader. S̊adanne plader
har en tendens til at være meget tykke og dermed tunge, da de udgør den første forsvarslinie
mod nærved-eksplosioner, ballistiske og fragmenterede angreb i aktive konfliktomr̊ader.

Ovennævnte trusler udsætter m̊alet for belastninger ved væsentligt højere hastigheder end
kvasi-statiske belastninger, s̊asom belastninger som følge af manøvrer med et fly. Kvasi-statiske
belastninger inducerer belastningsrater mellem 10-3 og 10-2 s-1. S̊a lave spændingshastigheder
svarer til hastighedskapaciteten for traditionelle servo-hydrauliske trækprøvemaskiner, hvilket
gør karakteriseringen af b̊ade metalliske og sammensatte materialer ligetil for kvasi-statiske be-
lastningshastigheder, ogs̊a n̊ar det kommer til at karakterisere ude af plan eller interlaminar
egenskaber. Bevæger man sig op i det dynamiske domæne, kan der genereres højere belastning-
shastigheder p̊a forskellige m̊ader. Højhastigheds-hydrauliske maskiner er i stand til at generere
belastningsrater mellem 10-2 og 1 s-1, men andre eksperimentelle metoder er nødvendige for
at n̊a højere belastningsniveauer. Tilgængelige eksperimentelle metoder er Charpy-maskinen,
slagbelastning, chokrøret, sm̊a eksplosive ladninger eller Split Hopkinson Pressure Bar. Disse
eksperimentelle metoder bruges ofte til at karakterisere materialegenskaber p̊a coupon-niveau,
men er normalt svære at opskalere, n̊ar man prøver at udføre test p̊a en komponent eller struktur-
niveau. I s̊adanne tilfælde anvendes fuldskala sprængforsøg med eksplosive ladninger i felten,
hvor belastningshastigheden kan n̊a op til 104 s-1.

Det er en ikke-triviel opgave at udføre tests p̊a komposit-paneler i fuld skala med realistiske
eksplosionsladninger. Et afsondret sted, langt fra civil aktivitet, skal sikres, og der kræves nor-
malt personale, der er uddannet i h̊andtering af eksplosiver. Endvidere, p̊a grund af sprængn-
ingladningernes størrelse, har disse omr̊ader en tendens til at være udendørsfaciliteter, hvor
eksplosivet og prøverne udsættes for skiftende vejrforhold, hvilket kan have stor indflydelse
p̊a ydeevnen af plastisk sprængstof og dermed vanskeliggøre reproducerbarheden. Derudover
er m̊alinger vanskelige at udføre under sprængningstest. Trykm̊alere, filmudstyr, lasersonder,
signalforstærkere osv. er ofte skrøbeligt udstyr, der risikerer at blive beskadiget under en ek-
splosion. Eksplosionsskyen kan endda forstyrre optagelser, da den kan skærme testemnetog
forhindre optagelsen af emnets opførsel i de indledende faser af eksplosionen, hvor der gener-
eres skader. Derfor kan der kun udføres inspektioner efter opskæring op komposit-pladerne.
Tidslinjen for generering af skader igennem tykkelsen, der genereres af sprængningen, er skjult
igennem tykkelsen af testemnerne. Følgelig skal panelerne opskæres, s̊a propageringen af de-
lamineringerne kan m̊ales. Imidlertid forbliver man uvidende om, hvorn̊ar og hvor delaminer-
inger initieres, og hvordan de spreder sig. Dette arbejde præsenterer en ny eksperimentel test-
metode, den smalle bjælkep̊avirkningstest (NBIT), som er fokuseret p̊a at generere lignende
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belastningsniveauer og skadetilstande som dem, der opst̊ar under nærved-eksplosioner, men un-
der kontrollerede laboratoriebetingelser. NBIT best̊ar af en smal bjælke, der p̊avirkes af en
blød polyethylenimpaktor, mens dens tykkelse monitoreres af to højhastighedskameraer. Herved
monitoreres tidslinjen for gennem-tykkelses-skader i realtid.

Den første del af afhandlingen beskriver NBIT testen, inklusive testudviklingen med forskel-
lige forgæves forsøg og ideer, man ikke valgte at forfølge yderligere i det endelige design. Flere
impactor-materialer blev testet, høj-densitet polyethylen blev valgt p̊a grund af det mindre sam-
menstødsblink, og da impactoren ikke faldt fra hinanden efter impact. Den anden del beskriver
de eksperimentelle resultater fra NBIT’en udført p̊a komposit-bjælker lavet af E-Glass/polyester.
Skades-scenarier i impact energi-spændet [50 - 1050] J blev udførligt beskrevet og tre aspekter
analyseres for at fastlægge den fulde tidslinje for gennem-tykkelses-skader: initiering af de-
laminering, begyndelsesplacering og propagering af delamineringer. Det blev m̊alt, at den første
delaminations-indtræden forekommer i gennemsnit 20µs efter p̊avirkning. Det blev konkluderet,
at starttidspunktet for delaminationer forbliver konstant med hensyn til p̊avirkningsenergien.
Delaminations-indtræden er altid placeret i den bageste tredjedel af prøveemnets tykkelse og har
en tendens til at migrere bagud med stigende slagkraft. Delaminations-udbredelseshastigheden
m̊ales ogs̊a, og tre udbredelseszoner identificeres med en hurtig første udbredelseszone med en
hastighed p̊a ca. 1700 m.s-1. Endelig m̊ales den deformerede form p̊a bagsiden ved hjælp af
billedsporings-software til senere analyse. Derudover muliggjorde de deformerede m̊alinger en
diskussion af den dynamiske virkning p̊a det langsg̊aende Young’s modul og den in-plane tryk-
styrke. En stigning p̊a henholdsvis 27 % og 63 % blev m̊alt.

Den tredje del beskriver en Finite Element Model af NBIT bygget ved hjælp af den eksplicitte
kommercielle kode LS-DYNA. Effekten af materialemodelleringen af impaktoren er beskrevet
sammen med to kontaktbaserede delamineringsmodeller. En parametrisk undersøgelse af inter-
laminare egenskaber blev udført, og det blev fundet, at delamineringsudbredelsen er forskyd-
ningsdomineret. Takket være den eksperimentelle deformations-form, der er ekstraheret i del to,
ses den interlaminare forskydningsstyrke og tilstand mode II kritisk energifrigivelseshastighed
at stige med henholdsvis 79 % og 10 %. Den fjerde og sidste del introducerer en analytisk model
baseret p̊a 1-D elastisk svingnings-mekanik for at forst̊a spændingstilstanden gennem tykkelsen
for de spændingstilstande, der er testet i del to. Den analytiske model var i stand til at forudsige
delaminations-indtræden og placering for den første delaminerings-scenarie. Summen af det ar-
bejde, der er præsenteret i denne afhandling, giver et indblik i tidslinjen for gennem-tykkelses-
skader, der er genereret under dynamisk belastning i tykke monolitiske kompositter. En s̊adan
forbedret forst̊aelse baner vejen for designere af forsvarssystemer, der med skræddersyet arkitek-
tur for lettere rustningsplader lavet af kompositmaterialer.
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1. Introduction

1.1 Background

The influx of composite materials in multiple civilian structures has been increasing since the
1950s, making its way up to airplanes such as the Boeing 787 Dreamliner with more than
50 % of its empty weight accounted for composite materials. Their presence is also ubiquitous
in the wind energy industry and high-efficiency sports such as automobile racing, boat racing
and professional cycling. These applications in civilian structures often result in composite
configurations designed to fulfill structural functions, such as flight or sail manoeuvres. This
translates into thin monolithic composites with thicknesses below 10 mm and into areal masses
for both monolithic and sandwich composites below 15 kg.m-2. Thin monolithic structures are
vulnerable to out-of-plane loads such as impact and blast since they are usually designed to
perform under membrane conditions.

Figure 1.1. Composite applications in civilian structures.

The increasing use of fiber-reinforced composites in such structures, driven by their weight
saving potential, has led to a growing interest in composite applications for military applications.
Light armored vehicles, as the one shown in figure 1.2, are identified as a potential application for
composite materials where the steel armor panels could be replaced by lighter composite panels.
Doing so would result in increased maneuverability, reduced maintenance, more personnel and
ammunition carrying capacity and less fuel consumption.

In order to fulfill their defense premise, the composite armor panels will have to face threats
like blast, ballistic and fragmentation attacks. Particularly, blast attacks with buried improvised
explosive devices could happen under the belly of the vehicle at potentially very close range. Such
loads occur at an angle from the plane of the panel and therefore the out-of-plane component
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of the load is not negligible. The strain-rate imposed by these loads is in the range of 102 - 104

s-1, far away from the quasi-static realm. Therefore, understanding the out-of-plane dynamic
behavior of the materials is paramount in order to achieve competitive designs.

Figure 1.2. Gurkha Armored Patrol Vehicle, source: Homeland Security Technologies.

1.2 Dynamic Behavior of Composite Materials: Literature Review

The mechanical properties of composite materials can be divided into three categories: In-
Plane (IP) properties, Out-Of-Plane (OOP) properties and InterFace (IF) properties. The
response of the panels to blast loads is highly governed by the OOP properties. Notably, since
the predominant damage mode observed is large scale delamination, it is expected that the
interlaminar strengths, ILNS and ILSS, along with the critical energy release rates, GIC and
GIIC , play an important role in the development of the damage timeline.

1.2.1 In-plane Properties

A vast number of literature studies can be found regarding the dynamic in-plane behavior of
composite materials. Eriksen [1] analyzes the evolution of several IP mechanical properties under
high strain-rate. It shows that the most commonly studied materials in the literature are the
glass/epoxy and carbon/epoxy in either woven or non-crimped configurations. Eriksen’s main
conclusions are summarized below:

� Woven architectures of GFRP are more rate sensitive than their non-woven counterparts.

� Rate sensitivities are mainly related to the interactions between the matrix and the fiber.

� Carbon fibers are found to be rate insensitive whereas glass fibers are found to be highly
rate sensitive.

Globally, for in-plane properties, it can be stated that elastic moduli and ultimate strengths
increase significantly with strain-rate whereas ultimate strain decreases in a less strain-rate
sensitive manner, see Hou et al. [2] and Brown et al. [3].

1.2.2 Out-of-plane Properties

The same can be said about certain out-of-plane properties such as the out of plane Young’s
modulus. Lifshitz and Leber [4] found a 17 % increase in the tension through-thickness modulus
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with strain-rates up to 142 s-1 whereas Gama et al. [5], found a 36 % increase in the through-
thickness tensile strength with strain-rates up to 1600 s-1, both on glass laminates. To this
end, literature is very rich regarding the experimental methods used for the high strain-rate
characterization. Tables 1.1 to 1.3 summarize the dynamic effects on the out-of-plane properties
with respect to the quasi-static (QS) value, the experimental method and type of specimen used
are also reported.

Interlaminar Shear Properties

Table 1.1. Dynamic effects on interlaminar shear properties, literature review.

Material
Test Specimen Strain-rate Property Increase

Source
procedure1 type2 [s-1] measured rel. to QS

Glass/Epoxy
Impact Test DLS Not reported

S13 +73 %
[6]

Carbon/Epoxy S13 +70 %

Glass/Epoxy
TSHB

TWT

QS - 1000

S13 +59 %

[7]
G13 +33 %

SLS S13 +70 %

Carbon/Epoxy TWT
S13 +67 %
G13 +41 %

1TSHB: Torsion Split Hopkinson Bar
2DLS: Double Lap Shear; SLS: Single Lap Shear; TWT: Thin-walled tube

A detailed review on strain-rate effects in polymer matrix composites under interlaminar
shear loading was written by Kidane et al. [8] in 2017.

Through-thickness Compression Properties

Table 1.2. Dynamic effects on through-thickness compression properties, literature review.

Material
Test Specimen Strain-rate Property Increase

Source
procedure1 type [s-1] measured rel. to QS

Glass/Vinyl Ester SHPB Prism QS - 1600 Sc
33 +36 % [5]

Glass/Epoxy SHPB Cylinder QS - 510 Sc
33 +11 % [9]

Carbon/RTM6 SHPB Prism QS - 6000
Sc
33 +157 %

[10]
Ec

33 +43 %
1SHPB: Split Hopkinson Pressure Bar

Through-thickness Tensile Properties

Table 1.3. Dynamic effects on through-thickness tensile properties, literature review.

Material
Test Specimen Strain-rate Property Increase

Source
procedure1 type [s-1] measured rel. to QS

Glass/Epoxy
SHPB Hourglass QS - 220

St
33 +31 %

[4]
Et

33 +17 %

Carbon/Epoxy
St
33 +36 %

Et
33 +41 %

Carbon/RTM6 SHPB Cross shaped QS - 3800 St
33 +120 % [10]

1SHPB: Split Hopkinson Pressure Bar
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1.2.3 Interface Properties

Although literature on interface properties under high strain-rate is scarce, and when available,
experimental methods vary widely, a number of studies can be found addressing thermoplastic
composites. Fernandez-Canteli et al. [11] reported an 80 % increase in the mode I interlaminar
fracture toughness with increasing impact speeds up to 5 m.s-1 for a woven glass/PEI laminate
using notched specimens and an instrumented Charpy machine. Matsumoto et al. [12] reported a
22 % increase in the mode II interlaminar fracture toughness of a glass/polycarbonate composite
with increasing loading rate. Blyton [13] investigated the effect of strain-rate under mixed mode
(I+II) loading also on glass/polypropylene and reported it to be rate insensitive. It can be
seen that there are different outcomes and that no specific prediction can be made in advance
regarding the dynamic effects on the interface mechanical properties. These discrepancies can
be explained by several factors, the most significant being the difference in the experimental
methods used by each author. Notably, attention needs to be paid to the quantification of the
rate phenomenon, which is crucial in order to compare the values obtained by different authors.
Jacob et al. [14] in 2005 and May [15] in 2015 wrote compelling review papers on the subject.

When using servo-hydraulic machines, authors frequently use the cross-head displacement
speed as a measure of the dynamic regime of the experiment, resulting in a measurement of
the mechanical property of interest with respect to mm.s-1. Examples of this can be found
in Zabala et al. [16] and Compston et al. [17]-[18] where the cross-head displacement ranged
from 10-2 to 102 mm.s-1. In order to impose higher deformation speeds, [11] and [18] recurred
to impact loading and reported fracture toughness values with respect to the impactor speed.
The implication of these two methods is that they are specific to each experimental setup and
therefore cannot be used to compare between different studies. For instance, when using impact
for load application, the impact energy and the impactor stiffness is more relevant than the
impactor speed itself. For example a foam impactor and a steel impactor traveling at the exact
same speed will have drastically different effects when hitting the target specimen.

For a better understanding of the underlying mechanisms, it is paramount to understand the
loading state of the area directly ahead of the delamination front. Ideally, a measurement of
the strain-rate will describe best the state of the material around the crack tip. However, due
to singularity in the elastic strain field around the delamination front, the strain-rate cannot be
rigorously defined. A natural approach would be to use an experimental setup based on the Split
Hopkinson Pressure Bar (SHPB) as it presents the experimentalist with a time history of strain
signals that can be derived in order to obtain a strain-rate. However, the resulting strain-rates
from an SHPB setup are an averaged magnitude within the whole specimen. Therefore, it is a
very suitable test for measuring bulk material properties such as elastic moduli and strengths
but not quite suitable for local phenomena like delamination onset and propagation. Wu et al.
[19], Sun et al. [20] and Kusaka et al. [21] all used modified SHPB setups in order to characterize
fracture toughness under dynamic conditions but did not report any value of strain-rate.

Furthermore, the range of experimental methods and differences in outcome reported above
indicate that oversimplification is perilous. The fracture mechanical behavior of a matrix ma-
terial, as recorded on pristine specimens, may not be adequate to describe the fracture when
included in a composite system. Since the deformation field is dominated by the reinforcement,
it may not correlate with the deformation field in a pristine matrix material fracture test. While
this effect should ideally be describable with sufficient discretization in a FE-model, it may well
require infeasible fineness of the mesh.
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1.3 Blast Resistance of Composite Materials

The study of the blast resistance of composite materials can be subdivided based on the compo-
nents architecture into studies on sandwich structures, prevalent in the naval, and wind energy
industries, and monolithic structures, commonly used in aerospace structures and land vehicles.

Studies [22]–[28] investigated the dynamic properties of different architecture variations on
monolithic composites. Comtois et al. [22] studied the influence of carbon vs glass fibers in
epoxy resin composites under small explosive charges. Mouritz et al. [23] examined the effect
of different densities of 3D stitching in glass fiber composites. Tekalur et al. [24] investigated
the blast resistance of different combinations of polyurea and glass fiber. They also studied
the influence of carbon versus glass fiber on vinyl ester resin composites in [25]. Russel et al.
[26] evaluated the enhancement in blast resistance properties of Ultra High Molecular Weight
PolyEthylene (UHMWPE) fiber composites. Gargano et al., [27] and [28], studied the effects of
fiber-matrix bonding agents on monolithic composites used in the naval field.

The work reported in [29] – [36] studied the dynamic response of sandwich structures to
blast loads focusing on different aspects of the sandwich architecture. Tagarielli et al. [29] and
Langdon et al. [30]-[31] studied the impact of different densities of PVC foam cores on the
dynamic strength of composite sandwich beams. Pursuing this same line of research, Wang et
al. [32] investigated the dynamic properties of sandwich structures with stepwise styrene graded
cores. Other researchers focused on the internal structure of the core itself. Balkan et al. [33]
studied the effect of different cell sizes of honeycomb cores under air blast using a shock tube.
Tekalur et al. [34] investigated the effect on the dynamic properties of sandwich composites
with 3D woven fibers embedded through a foam core with different levels of stitching density.
Arora et al. [35] performed a thorough investigation of the influence of boundary conditions
on full-scale sandwich panels subjected to far-field blast loading generated by explosive charges.
Russel et al. [36] investigated the effects of soft impact on honeycomb sandwich beams using
metal foam impactors.

The above mentioned studies tend to make a clear distinction between both architectures.
Nevertheless, studies that deal with both monolithic and sandwich composites architectures can
also be found in [29], [36] and [31] . In order to compare and rank the different configurations,
the authors often use specimens with equal areal mass. This will also be the approach followed
by this work in order to compare between steel and composite configurations.

Finally, Langdon et al. [37] produced a thorough and commendable state-of-the-art review
up to 2014 of the response of polymer composite structures to localized air-blast loading.

At first glance, due to the apparent abundance of literature, it may seem that the response of
composites, both monolithic and sandwich, to a blast load is well known and that comparisons
can be easily drawn among a myriad of configurations. Unfortunately, here is when we hit a
fairly common wall when dealing with dynamic testing of materials: the diversity of experimental
methods. The diversity in experimental methodologies can lead to contradictory results between
different studies. For instance, Tagarielli et al. [29] found that lower core densities outperform
higher core densities whereas Langdon et al. [30] reached the opposite conclusion. Literature
shows diverse load application methods such as the shock tube, low explosive charges, low
velocity impact with hard, soft and even foam impactors. All of them aiming to simulate the
loading of an air blast without using actual explosive charges. One can immediately infer that
experimentalist tend to avoid open air blast test with representative blast loads. This can be
explained by several factors:
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(a) Post-mortem deformation measurement. (b) Post-mortem panel section with delaminations visible.

Figure 1.3. Post-mortem inspections on composite panels after an open air blast test.

� Testing with high explosive charges in the near field range requires adequate testing facil-
ities that are not easy to secure. Certified personnel is needed for handling explosives and
detonators. This often entails that the military needs to be involved. A testing site with
proper isolation far away from civilian activity needs to be available.

� Precise measurements are difficult to conduct during such blasts tests, adding to the com-
plexity of the experimental setup. Pressure gages, strain gages, filming equipment, laser
probes and all signal amplification devices are fragile pieces of equipment that risk being
damaged during an explosive blast. Furthermore, the explosion fireball often engulfs the
test specimen obstructing the recording of the response during the initial phases of the
test.

� Due to the particularities of the blast test site in terms of isolation and safety, blast
tests are almost always performed in open air conditions. Therefore, the experiments are
subjected to weather variability. This is particularly important since plastic explosives are
very sensitive to the ambient humidity and temperature. In consequence, repeatability is
difficult to ensure.

Due to the lack of in-situ instrumentation, most of the observations on the specimens have
to be performed post-mortem as shown in figure 1.3.

Attempts were made towards obtaining a more controlled environment while dealing with
explosive charges. Giversen [38] investigated the possibility of testing the composite panels inside
a contained space with real explosives and used Digital Image Correlation (DIC) to monitor the
backside of the composite panel. Giversen’s experimental setup yielded satisfactory results with
charges up to 250 g. Above that mass of explosive, he noticed a significant relative movement
of the composite plate with respect to its clamping frame hence limiting the reproducibility
and numerical simulation of the test. Although Giversen’s experimental setup waves the need
for military personnel and the need for an isolated testing facility, it falls short when it comes
to the instrumentation of the specimens. As stated by Giversen in his Ph.D. thesis, pressure
measurements were attempted but high inconsistency was observed. The only observable part
of the panel remained its backside while the through-thickness damage stayed concealed within
the panel.

From a macroscopic point of view, full scale panel tests are very suitable to steer the wheel
of research. Different configurations can be tested under the same blast load to infer which
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configuration offers a higher blast resistance. This can help making major configuration choices
like selecting between carbon and glass fibers, between sandwich and monolithic architectures,
woven and non-woven layers, among different lay-ups etc. However, when the choices become
less fundamental, like selecting the through-thickness position of a specific layer in hybrid lay-
ups, full scale blast tests fall short. They provide very little insight into the sequence of events
happening through the thickness of the specimen. Attempts to scale down the experiment setup
have been futile as shown by Giversen [38].

This work focuses on bringing the testing back to laboratory conditions while giving the
experimentalist full access to the through-thickness events in real-time as they develop. The
Narrow Beam Impact Test (NBIT) is created to circumvent the inconveniences of full-scale
blast tests while giving the experimentalist a full insight into the events developing through the
thickness of the composite. Due to the obvious geometry differences between the proposed beam
geometry and a full-scale panel, the in-plane effects cannot be captured by the NBIT. The focus
is however on the through-thickness effects that are fully visible using the NBIT.

The use of soft impactors allows for generating similar damage modes as those seen during
full-scale blast tests on panels. When the material and dimensions of the impactor are chosen
appropriately, soft impactors are able to generate peak pressures and impulses on the same order
of magnitude as those seen in near field blast events, i.e Ppeak up to 300 MPa and I/A up to 50
MPa.ms.

The NBIT is an intermediate level between simple coupon tests and full panel tests, chosen for
observability and coherence to resultant damage modes. Ultimately, it is the author’s intention to
use the experiments to characterize material properties for subsequent use in predictive modeling,
and to obtain this through optimization-based correlation.

1.4 Thesis Extended Summary

Chapter 1: Introduction
The introduction lays the ground for the reasons that brought the author to the design and
use of the Narrow Beam Impact Test experimental setup. The introduction also contains a
literature review of the dynamic effects in mechanical properties of composite materials under
high strain-rate loading, with focus on interlaminar properties, experimental techniques and
blast resistance.

Chapter 2: Observing Through-Thickness Damage: Experimental Setup
This chapter is based on journal paper [P1] and describes the Narrow Beam Impact Test exper-
imental setup, including the design of the specimens and their preparation for post processing.

Chapter 3: Observing Through-Thickness Damage: Experimental Results
This chapter is based on journal paper [P3]. It shows the experimental results obtained on
two different sets of E-Glass/LPET specimens with two different layer architectures: woven and
unidirectional. The damage modes undergone by the specimens are thoroughly described. This
part also analyzes where and when delaminations start and how they propagate. Finally,
conclusions are drawn about the dynamic effect on the longitudinal Young’s modulus and the
in-plane layer strength.

Chapter 4: Predicting Through-Thickness Damage: Numerical Model
This chapter describes a numerical model for the NBIT using the commercial explicit finite
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element code LS-DYNA. A mesh convergence analysis is performed on the beam model and
several material models are analyzed for the HDPE impactor. At first, a comparison is drawn
in between the finite element model and experimental results for tests at low speeds without de-
lamination. Subsequently, two different delamination models are implemented and the dynamic
effect on the interface material properties is evaluated by optimizing the correlation between the
model and the experimental results.

Chapter 5: Predicting Through-Thickness Damage: Analytical Model
This chapter presents an analytical model of the through-thickness stress state generated by
the impactor on the specimen. Several incident pulses are explored and finally the incident
pulse from the numerical model described in chapter 4 is used to understand the experimental
delamination onset time and locations observed in Chapter 3.

Chapter 6: Discussion, Conclusions and Further Work
Chapter six contains the discussion and conclusions along with recommendations for future
work.

Appendix A
Appendix A contains a summary of journal paper [P2] where a study on the dynamic testing of
high density polyethylene using the Taylor test was carried out. The results in terms of dynamic
flow stress are compared to other literature studies where the same magnitude was measured
using different experimental methods.
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2. Observing Through-Thickness Damage:
Experimental Setup

A detailed description of the experimental setup designed during the course of this Ph.D. project
can be found in [P1]. This section contains a summary of its implementation, advantages and
shortcomings.

2.1 Narrow Beam Impact Test: Concept

A narrow composite beam is subjected to a soft impact by a cylindrical projectile. The impactor
is propelled by a gas gun and the thickness side of the composite beam is exposed to two high-
speed cameras that capture the response before and after impact with a time resolution tres as
low as 5 µs. The specimen design is tailored to allow the observation of the damage developing
through the thickness of the specimen.

Such damage events are concealed when happening inside composite panels and are only
observable post-mortem. The Narrow Beam Impact Test (NBIT) bypasses that and opens the
observation of the through-thickness field for the experimentalist. Figure 2.1 shows a schematic
view of the experimental setup.

Figure 2.1. Experimental Setup schematic, source [P1].

1. Gas gun (chamber and barrel)
2. Soft impactor
3. Narrow beam specimen
4. High-speed cameras
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Figure 2.2. Specimen thickness orientation with respect to the cameras, source: [P1].

The position of the two high-speed cameras with respect to the specimen is key. By exposing
the thickness of the specimen to the high-speed cameras, the damage timeline is made visible to
the observer and can then be measured. Figure 2.2 shows a detailed view of the beam specimen
and its location with respect to the high-speed cameras.

Karthikeyan et al. [39] and Russel et al. [36] also investigated the effects of soft impact
on composite laminates and exposed the thickness side of the specimen to high-speed cameras.
Three main differences can be identified with respect to the work presented in this thesis.

1. Both Karthikeyan and Russel used metal foam impactors. Due to their cellular structure,
metal foam impactors generate a fairly constant pressure peak during the entire duration
of the impact as shown by Radford et al. [40]. This ensures a fine control of the pressure
applied in order to avoid penetration in the specimen. However, metal foams have an
important flaw: they disintegrate upon impact, generating a cloud of debris that engulfs
the specimen and then obstructs the view of the high-speed cameras, rendering the first
instants after impact unusable, see figure 2.3.

2. They targeted thin composite specimens focusing on the propagation of the interlaminar
damage along the longitudinal direction and not through the thickness direction.

3. The through-thickness onset location of the delaminations was not measurable because
the specimens were too thin and neither the spatial nor the time resolution they used
was fine enough. Additionally, their time resolutions were not low enough to observe the
propagation of the through-thickness stress waves.

The NBIT aims at addressing these shortcomings by using a soft impactor that does not
disintegrate upon impact but instead produces a stable pressure peak capable of triggering
delaminations without generating penetration. The combination of lower time resolutions and
higher spatial resolution allows for observing the three main aspects of the damage timeline:
delamination onset time, delamination onset location and delamination propagation.

Figure 2.3. Cloud of debris generated by a metal foam impactor, source: [36].
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(a)

12

3

(b)

Figure 2.4. a) Composite panel under localized blast; b) Narrow Beam specimen within composite panel.

2.2 Specimen Design

The specimen was carefully designed in order to maximize the observation of the through-
thickness damage timeline. When testing composite panels under blast, the pressure load is
axisymmetric with respect to the first point of contact. The directions 1 and 2 of the panel
are analogous from a damage propagation point of view: the damage will have no preference
propagating in one direction or the other, see figure 2.4a. This statement holds only if the
laminate lay-up is non-biased with respect to the same directions. In order to drop one of
the redundant directions and isolate the damage propagation to the 1-3 plane, the specimen is
devised as a narrow beam cut from a pristine panel as shown in figure 2.4b. Ideally, the width
of such narrow specimen should be zero, but this is unfeasible for obvious practical reasons.
The final width is selected as equal to the smallest diameter available for the gun barrel, i.e
20 mm, plus a 10 % buffer so that the complete width of the specimen is in contact with the
impactor upon impact, see the gray area on the impact side of figure 2.6. It is then assumed
that the stress state across the width of the specimen is homogeneous and that damage appears
simultaneously across the width of the specimen.

2.3 Specimen Sizing

2.3.1 Thickness sizing

The first dimension to be fixed is the beam’s thickness, th. The thickness dimension is driven
by the target areal mass and the material system density. In this work’s case, the target areal
mass is equal to 43 kg.m-2, given a composite density ρc = 1953 kg.m-3, the resultant thickness
is th = 21 mm.

2.3.2 Width sizing

As stated in section 2.2, the width of the specimen is a compromise between an ideal 0 width
and the barrel diameter, in this case the width is set to 22 mm which equals with the barrel
diameter, w = 20 mm plus a 10 % buffer.

Figure 2.5. Beam specimen dimensions, source: [P1].
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2.3.3 Length sizing

3
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Figure 2.6. Impact area on beam specimen,
source: [P1].

Upon impact, three different stress waves initiate at
the impact surface and start traveling through the
beam specimen: a through-thickness stress wave σ33,
an out of plane shear stress wave σ13 and a longitudi-
nal stress wave σ11. In order to minimize wave inter-
action as much as possible, the specimen dimensions
are sized accordingly. The aim being to allow the
through-thickness stress wave to propagate through-
out the entire thickness of the beam, reach the back-
side, reflect, and reach back to the impact area be-
fore it interacts with any other stress wave. In order
to do so, the beam needs to be long enough so that
the longitudinal stress wave does not reflect on the
longitudinal edge and comes back before the damage
has started to develop. The aim being to force the
faster longitudinal stress wave to take a longer path
than the slower through-thickness stress wave.

Wave propagation speed is proportional to the
square root of the materials Young’s moduli in the
direction of propagation. Given the anisotropy of
composite materials, the final geometry is specific for each material configuration. The detailed
calculation of the dimensions is given in [P1] section 2.1.2. For the E-Glass/LPET material
system studied in this work, the final dimensions are shown in figure 2.7.

2.4 Specimen Preparation

The specimens were prepared for post-processing as described below.

� The exposed thickness surface was coated with glossy white paint in order to enhance
contrast and ease the visual detection of delaminations.

� Circular markers, � = 2 mm, were drawn on the backside edge spaced vertically by 10 mm
starting from the mid-length. These markers are intended to be tracked by the image
tracking software in order to extract the backside deformed shape of the beam.

� A black and white speckle pattern was sprayed on some specimens in order to measure the
through-thickness strain field using Digital Image Correlation (DIC).

[P1] section 2.6 contains a description of other specimen preparations that were tested and failed,
including glued tracking dots of different diameters, vertical lines and different speckle patterns.
Figure 2.8 shows the two specimen preparations that were successful and retained for conducting
the experiments.

Figure 2.7. Beam specimen dimensions for the E-Glass/LPET material system, source: [P1].
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(a) Beam specimen attired with glossy white paint and backside tracking markers.

(b) Beam specimen sprayed with a speckle pattern for DIC strain measurements.

Figure 2.8. Specimens prepared for testing, source: [P1].

2.5 Impactor Material Selection

The purpose of applying a soft impact is generating delamination within the beam specimen
without penetration and without causing any in-plane damage to the layers directly in contact
with the impactor. This is done in order to reproduce the damage modes observed during
full-scale blast tests on composite panels where global delaminations are observed both through
the thickness direction and the two-dimensional plane of the panel. Some superficial damage is
observed during very close range tests (SOD ≤ 90 mm) on the first layers of the panel directly
exposed to the explosive, see figure 2.9. It is attributed to the high temperatures generated by
the blast and not to any matter being projected towards the composite panel.

Appropriate damage mode triggering was the initial criteria for selecting the impactor ma-
terial. However, after performing the firsts impact tests, two other aspects became relevant for
the material selection.

Upon impact, an intense mechanoluminescent flash, also known as ‘adiabatic impact flash’,
appears with a duration between 5 and 10µs. The flash blinds the image acquisition system
and hence makes the first acquired frames unusable. Additionally, some other light-based instru-
ments such as lasers might be impacted, even when located behind the beam given the partial
transparency of glass laminates. Minimizing the duration and intensity of the impact flash was
then added to the impactor selection criteria. The impact flashes generated by two different

Figure 2.9. Composite panel after blast load at close range; superficial damage visible.
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(a) PA6 nylon impactor, source: [P1]. (b) High Density Polyethylene impactor.

Figure 2.10. Impact flashes generated by impactors made of two different materials.

impactors made of different materials are shown in figure 2.10.

Secondly, depending on the toughness of the target specimen, the impactor can shatter
or disintegrate upon impact, generating a cloud of debris and hence blocking the view of the
image acquisition system. An ideal impactor should stay aggregated while deforming as little as
possible. Figure 2.11 shows two impactors shattering in different patterns. Aluminum impactors
tend to shatter in bigger lumps whereas PVC impactors disintegrate in finer particles.

Lastly, the readiness and workability of the material is also a very important criterion. The
material needs to be affordable, easy to obtain via commercial suppliers and most of all must
be easy to cut and shape to the desired geometry.

The focus was initially set on metal impactors such as steel and aluminum. Steel was rapidly
rejected as it tended to penetrate the specimens generating fiber crushing and massive layer
breakage. Aluminum impactors were tested and, although being soft enough to trigger delami-
nations in the specimens, they tended to shatter thus obstructing the cameras’ view. In general,
metallic impactors generate excessively high peak pressures, hence the crushing. The focus was
set then on polymers because of their higher ductility compared to metals. Several polymers
were tested and High Density Polyethylene (HDPE) turned to be the ideal candidate as it pro-
duced the least impact flash within the tested polymers. It also produced no shattering at all at
impact speeds up to 500 m/s and was readily available via commercial suppliers at an affordable

(a) Aluminum impactor, source: [P1]. (b) PVC impactor, source: [P1].

Figure 2.11. Impactors shattering.
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cost. More detail about the different polymers tested and their outcome can be found in [P1]
section 2.4.1.

2.6 Image Acquisition System

2.6.1 Camera acquisition settings

The image acquisition system consists of two Phantom V2512 high-speed cameras that can
capture grayscale images at a maximum of 1.000.000 frames per second with image resolutions
up to 1280x800 pixels. Unfortunately, frame rate and image resolution are inversely related: the
higher the frame rate, the lower the pixel resolution. Therefore, there is a compromise to be
made by the experimentalist when selecting both parameters. The range of configurations that
the Phantom V2512 camera offers is shown in table 2.1.

Table 2.1. Phantom V2512 high-speed camera supported resolutions and frame rates.

Image resolution Image sampling Time resolution
(Width x Height) (fps) tres [µs]

1280 x 800 25,600 39.1
1280 x 720 28,500 35.1
1024 x 800 30,500 32.8
1024 x 512 47,300 21.1
896 x 800 33,600 29.8
168 x 768 39,100 25.6
640 x 480 69,900 14.3
512 x 512 75,400 13.3
512 x 384 99,500 10.1
385 x 256 170,600 5.9
256 x 256 200,000 5.0
256 x 128 375,700 2.7
128 x 64 764,700 1.3
128 x 32 1,000,000 1.0

The choice is first driven by the aim to capture the delamination onset through the thickness
of the specimen. In order to do so, the time resolution must be low enough to capture at least
one frame before the through-thickness stress wave travels throughout the entire thickness of
the specimen, see section 2.3. Given the specimen dimensions and material properties the time
resolution needs to be below 8.6µs, see [P1]. Therefore a frame rate of 200,000 fps was selected,
yielding a time resolution tres = 5µs and an image resolution of 256 x 256 pixels. The resulting
spatial resolution, i.e. the number of pixels per millimeter, and the resulting field of view will
be defined by the camera position with respect to the beam specimen.

2.6.2 Camera positioning & specimen framing

The cameras are positioned as seen in figure 2.12. Camera 1 is located with its sensor parallel
to the thickness surface of the beam and is equipped with a Zeiss-Macro Planar 100 mm lens
allowing for a close-up Field Of View (FOV). The parallel orientation of the camera with respect
to the beam thickness surface allows for 2D Digital image correlation measurements. This camera
generates the single raw file from which all post processing is done. It is of key importance that
the specimen is framed appropriately within the camera’s FOV. Figure 2.13 shows an example
of the image provided by Camera 1. The vertical hc1 and horizontal wc1 dimensions of the FOV
are defined by the camera acquisition settings in conjunction with the the physical distance
between the sensor and the specimen Ls.
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Figure 2.12. Camera arrangement and specimen framing, source [P1].

Ls needs to be selected cautiously as it drives the camera’s FOV, hc1 and wc1, and most
importantly, defines the spatial resolution. By selecting Ls = 1.6 m, an FOV of 100 x 100 mm is
obtained. This yields a spatial resolution Sres = 2.56 pixels per mm, which is enough for visual
observation of delaminations.

Sres =
pixelres
FOV

=
256

100
= 2.56 px/mm (2.1)

Once Ls is fixed, the lateral framing is left to adjust. This is done taking into account two
considerations.

Firstly, a secondary aim of this experimental setup is to be as compact and self contained as
possible and that also applies to the post processing of the data. It is intended to measure the
impactor velocity from the very same video file where the damage timeline is recorded. Therefore
the video footage must contain enough frames where the impactor is visible and traceable before
hitting the specimen so that its impact velocity can be measured accurately. This is controlled
by the dimension d as shown in figure 2.13. The higher the value of d, the longer the impactor
will be in frame before hitting the beam specimen.

Secondly, the specimen needs to be in frame after impact until the damage has propagated
over the entirety of the FOV. Shortly after the impactor hits the target specimen, due to the free-
free boundary conditions, the specimen is propelled in a free translation movement downstream,
i.e. towards the right side of the FOV. If there is not enough space downstream within the FOV,
the specimen will be out of frame before damage has fully propagated or, if taken to an extreme,
before damage even starts. The downstream travel space is controlled via the dimension w′.
Ideally one would wish that both d and w′ be as high as possible, but as can be seen in figure
2.13a, both dimensions are related to the specimen thickness th and to the FOV via equation
2.2.

wC1 = d+ th+ w′ (2.2)

The initial and final positions of the specimen’s back edge are highlighted in figure 2.13 by (- -)
and (- -) respectively. It can be seen that, by the time the delaminations have fully developed
over the entire visible length of the beam, the specimen is still in frame and has plenty of room
for even higher impactor speeds to be tested.

Camera 2 is located with a slight tilt next to Camera 1 and is equipped with a Zeiss-Macro
Planar 50 mm lens for a wider field of view. By framing the beam properly, Camera 2 is intended
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wC1

w'd

hC1

th

Beam SpecimenImpactor

(a) Before impact; (- -) specimen back edge location. (b) 200µs after impact; (- -) specimen back edge location.

Figure 2.13. Camera 1 field of view before and after impact.

to provide a global overview of the events from the moment the projectile leaves the gun barrel
until it hits the specimen and damage fully propagates along the entire length of the specimen.
Vertically, the FOV spans up to the edges of the specimen in order to verify that no damage
originates at the boundary conditions. Horizontally, it is intended to display the end of the
barrel in order to capture the entire flight of the projectile since it leaves the barrel until it hits
the specimen. The wider FOV provided by the 50 mm lens leaves plenty of room downstream
for the damage to fully develop over the entire length of the specimen, see figure 2.14.

WC2

hC2

Beam Specimen

Impactor

Barrel end

(a) Before impact; (- -) specimen back edge location. (b) 200 µs after impact; (- -) specimen back edge location.

Figure 2.14. Camera 2 field of view before and after impact.

A summary of the positioning and specimen framing for both cameras is found in table 2.2.
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Table 2.2. Summary of camera positioning and specimen framing parameters.

Parameter Value Unit

Ls 1600 [mm]
wc1 100 [mm]
hc1 100 [mm]
wc2 235 [mm]
hc2 235 [mm]
d 16 [mm]
w′ 63 [mm]

2.6.3 Light setup

High-speed photography requires very low shutter time, which in return demands a considerable
amount of light. This test setup uses ten GSVITEC multi-led LT lamp heads with 24 high power
leds, each lamp located at a distance of approximately 1 m from the specimen. All 10 multi-leds
combined deliver 77.000 lumen.

Such number of lights generates a big clutter around the test area, with multiple cables and
tripods making it difficult to move around the experimental setup. In order to ease the access
to the different elements of the rig, a system of ceiling railings combined with an attachment
rig was installed. The system can hold up to 10 lamps, considerably freeing up the work area.
The attachment rig can slide through the railings back and forth if needed and the lights can be
manually directed to the area of interest as they are mounted on aluminum plates that are easily
adjustable by hand. Figure 2.15 shows the railing system with the lights attached whereas figure
2.16 shows the setup before the railings where installed. It can be seen that the area around the
cameras was very cluttered.

Railings

Lights

Figure 2.15. Railings with lights attached.

Figure 2.16. Light arrangement before railings were installed.
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2.7 Condensation Issues

The first test trials showed that a dense cloud of what appeared to be condensed water was being
ejected from the gun barrel. The cloud would precede the impactor and surround the specimen
before the impact occurred resulting in exploitable blurry images. The issue was solved by
connecting the compressor to the dry air feeding system of the laboratory.

2.8 Summary

Once the cameras are positioned with respect to the specimen, additional parameters such as
aperture and exposure time are set in order to obtain a crisp image and as less motion blur as
possible. Table 2.3 summarizes all the camera setting parameters.

Table 2.3. Camera settings summary.

Camera 1 Camera 2

Model Phantom V2512 Phantom V2512
Lens Zeiss Macro Planar 100 mm Zeiss Macro Planar 50 mm
Stand-off distance Ls 1.6 m 1.6 m
Image resolution 256 x 256 px 256 x 256 px
Field of view 100 x 100 mm 235 x 235 mm
Spatial resolution 2.56 x 2.56 px/mm 1.09 x 1.09 px/mm
Frame acquisition rate 200,000 fps 200,000 fps
Aperture f/2.4 f/2.4
Exposure time 800 ns 800 ns
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3. Observing Through-Thickness Damage:
Experimental Results

Ninety-eight beam specimens were manufactured and tested using the Narrow Beam Impact Test
experimental setup. Eighty-nine specimens were tested under similar conditions of registration,
specimen marking, and with systematic variation of impact energy Ke0. The remaining nine
specimens were used for pre-test trials. This chapter is primarily focused on post-processing of
the experiments and their results. It contains the following sections:

1. Specimen Manufacturing

2. Preliminary Notions on Data Post-Processing

3. Damage Modes in Woven Specimens

4. Damage Modes in Unidirectional Specimens

5. Delamination Onset Time

6. Delamination Onset Location

7. Delamination Propagation

8. Beam Deformation History

9. Dynamic Effects on the Longitudinal Young’s Modulus

10. Dynamic Effects on the In-plane Compressive Strength

3.1 Specimen Manufacturing

Specimens were manufactured by COMFIL® ApS at their main facilities in Gjern, Denmark.
1200 x 600 mm panels with an areal mass of 43 kg.m-2 were manufactured and beam specimens
were cut to measure with a water jet cutter. All specimens were made of a low melting polyester
amorphous thermoplastic matrix (LPET) reinforced with E-Glass fibers. Both the fibers and
the matrix were spun into yarns and commingled. Two sets of panels were manufactured, a first
set made of twill 2:2 woven fabrics and a second set made of unidirectional (UD) non-crimped
layers. Cut specimens can be seen in figure 3.1.

Figure 3.1. Specimen preparation summary.
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Figure 3.2 summarizes all constituent properties and table 3.1 summarizes the most relevant
material properties of the woven laminates.

Figure 3.2. Specimen preparation summary, source: [P3].

Table 3.1. Material properties for woven laminate specimens, source [41].

Property Symbol Unit Average

Tensile modulus in the 1-direction Et
11 [GPa] 17.6

Poisson’s ratio in the 1-direction ν12 [ ] 0.336
Tensile strength in the 1-direction St

11 [MPa 301
Compression modulus in the 1-direction Ec

11 [GPa] 17.2
Compression strength in the 1-direction Sc

11 [MPa 252
Compression modulus in the 3-direction Ec

33 [GPa] 11.1
Shear modulus in the 13-plane G13 [GPa] 3.47
Density ρc [kg.m-3] 1953

3.2 Preliminary Notions on Data Post-Processing

Before diving into the experimental results, a series of considerations regarding the data post
processing need to be made.

3.2.1 Time measurements

The footage is acquired with a time resolution tres directly related to the camera image sampling
fps by tres = 1/fps. A certain event can then only be identified with a maximum error of tres.
Hence, when a discreet event is associated with a timestamp, the reader must keep in mind that
the provided time value is a higher boundary of the actual time value with a maximum error
equal to tres.
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Figure 3.3 shows a temporal line (top) where this is illustrated. The diagrams located below
the temporal line represent two adjacent layers of composite. Up to t = t5 included, the observer
sees two adjacent layers of composite that show no visible sign of separation, that is interpreted as
“no delamination”. When the same observer sees the image corresponding to t = t6 a separation
between the two layers is now visible and onset of delamination is hence identified. The exact
time at which the delamination began cannot be identified since images are captured every tres
seconds. One can immediately infer that the maximum error incurred is equal to tres.

t = 0 t1 t2 t3 t4 t5 t6 t7

tres

No delamination observed Delamination observed

Figure 3.3. Time measurement ambiguity.

Henceforth, when describing time events in writing, they will be referred as occurring in
between t = t5 and t = t6 and not as occurring at a specific single time stamp t = ti. When
representing said events on a plot, the highest value of the interval will be plotted to avoid
excessive graphic clutter, t = t6 for this particular example.

3.2.2 Time origin

The aim is to refer to every time-related event as the time elapsed between the event itself and
the beginning of the impact between the projectile and the specimen. This is done in order to
have a common reference timeframe for all tests.

The origin of the time axis is set to t = 0 when the projectile begins to strike the specimen.
From a practical standpoint, it is not possible to find the exact moment when impact starts
due to the time measuring error described in the previous section. When the experimentalist
analyzes the footage in search of the exact frame where impact begins, he is confronted with
a frame showing the impactor very close to the specimen while the next frame will show the
projectile and the specimen already in contact, see figure 3.4. The frame right before impact is
selected arbitrarily as the origin of time t = 0 for post-processing purposes.

(a) Frame right before impact, t = 0. (b) Frame immediately after impact, t = tres.

Figure 3.4. Time origin definition.
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3.2.3 Coordinate system

Figure 3.5. Coordinate system.

The coordinate system (CS) used for displacement
post-processing is shown in figure 3.5. Its origin
is located at mid-length of the beam, along the
edge generated by the intersection of the thickness
surface and the impact plane. Its y-axis is oriented
upwards along the edge it rests on. The x-axis is
oriented from the impact side towards the backside.
It is a fixed coordinate system which does not travel
with the specimen after impact. It is anchored to
the position of the specimen at t = 0, i.e. the
first frame before impact as defined in the previous
subsection.

3.2.4 Delamination naming

When delaminations are observed, they are numbered according to their order of appearance
within the specimen’s thickness. Thus, the first delamination to appear will be labeled as
delamination #1; the second one will be labeled as delamination #2 and so forth.

3.2.5 Damage mode naming

Damage modes are described in the following section. However it is worth mentioning at this
point the difference between a delamination and a delamination mode. As stated in the section
above, delaminations are named sequentially as they appear within the same specimen. When
it comes to naming damage modes, a specimen undergoing a damage mode where the only
visible damage are delaminations, that mode will be referred as Delamination Mode #X
where X is the exact number of delaminations present for that given specimen. For example,
when analyzing delamination mode #3, it would be possible to refer to delaminations #1, #2 and
#3 but not to delamination #4 since delamination mode #3 contains exactly 3 delaminations.
Delamination Modes must not be confused with crack opening modes I, II and III since these
modes refer to the relative movement between the surfaces when a crack is forming. In this case,
Delamination Modes are strictly related to the number of delaminations observed in a particular
specimen.

3.3 Damage Modes in Woven Specimens

Woven specimens were subjected to impact energies ranging from 150 to 1050 J. The different
responses observed are described in the following subsections.

3.3.1 Range: [150 - 240] J

For impact energies below 240 J, the specimen is propelled forward by the impactor and exhibits
free-free bending vibrations without showing any sign of delamination, see figure 3.6.
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(a) t = 0µs (b) t = 250µs (c) t = 750µs (d) t = 1250µs

Figure 3.6. Woven specimen response under free-free vibrations, no visible damage; Ke0 = 214 J; V0 =
172 m.s-1, source: [P3].

3.3.2 Range: [240 - 340] J

Between 240 and 340 J, specimens show a single delamination after impact. Delamination #1
starts between 20 and 25µs after impact and initiates at 2/3 of the thickness at the mid-length
of the beam, see figure 3.7 (+). The delamination has propagated throughout the entire field of
view 280µs after impact. This damage mode is referred as Delamination Mode #1.

(a) t = 0µs (b) t = 25µs (c) t = 280µs (d) t = 750µs (e) Final state

Figure 3.7. Woven specimen response under Delamination Mode #1; (+) Delamination #1 onset location;
Ke0 = 260 J; V0 = 189 m.s-1, source: [P3].

3.3.3 Range: [380 - 500] J

Between 380 and 500 J, specimens show two delaminations after impact. Delamination #1 starts
between 20 and 25µs after impact and initiates at 2/3 of the thickness at the mid-length of the
beam, see figure 3.8a (+), whereas delamination #2 starts between 140 and 145µs after impact
and initiates at 1

3 of the thickness at the edge of the impactor, see figure 3.8b (+). This damage
mode is referred as Delamination Mode #2.
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(a) t = 0µs (b) t = 25µs (c) t = 145µs (d) t = 750µs (e) Final state

Figure 3.8. Woven specimen response under Delamination Mode #2; (+) Delamination #1 onset location;
(+) Delamination #2 onset location; Ke0 = 291 J; V0 = 232 m.s-1, source: [P3].

3.3.4 Range: [500 - 1050] J

As the impact energy increases, more delaminations appear gradually. A common observation
among all delamination modes is that the first delamination consistently starts between 20 and
25µs after impact. However, its through-thickness location varies and progresses towards the
backside of the beam starting at 2/3 of the thickness. Figure 3.9 shows five specimens subjected
to increasing impact energies showing fully propagated delaminations within the field of view.

(a) Ke0 = 603 J (b) Ke0 = 634 J (c) Ke0 = 797 J (d) Ke0 = 934 J (e) Ke0 = 1028 J

Figure 3.9. Woven specimen response under Delamination Modes #3 to #10; impact energies ranging
from 631 to 1028 J, source: [P3].

3.3.5 Range: [292 - 463] J

Up to this point, damage modes have been described within a continuous and increasing energy
range. No interlaminar damage is observed below a threshold of 240 J, after which global delam-
inations start appearing gradually as the impactor energy increases. These damage modes are
referred as Delamination Modes and present only global delaminations spanning throughout the
entirety of the camera’s field of view, and in most cases reaching up to the longitudinal edges
of the specimen. However, a spurious damage mode was observed in five specimens within the
[292 - 463] J range.

After impact, the specimen starts vibrating as seen in the specimens below the delamination
threshold. The vibration-induced deformation becomes so severe that one of the outermost
layers, either on the impact side or on the backside, fails under longitudinal compressive stress,
see figure 3.10b. After the ply fails, a delamination forms directly underneath the failure location,
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I. V. Pérez Observing Through-Thickness Damage: Experimental Results

see figure 3.10b and 3.10c, and starts propagating driven by the vibration deformed shape, see
figure 3.9d. It can be seen in figure 3.9e that the ply failure spans through the entirety of the
specimen’s width.

(a) t = 0µs (b) t = 765µs (c) t = 810µs (d) t = 1300µs (e) Final state

Figure 3.10. Ply failure + delamination mode damage sequence in woven specimens; Ke0 = 370 J;
V0 = 225 m.s-1, source: [P3].

3.4 Damage Modes in Unidirectional Specimens

Unidirectional specimens are treated more succinctly in the following section since the damage
modes observed are very similar to the ones observed for woven specimens.

3.4.1 Range: [0 - 100] J

No damage is observed in specimens with impactor energies below 100 J. The beam response is
identical to the one shown for woven specimens under 240 J in figure 3.6.

3.4.2 Range: [100 - 220] J

One single delamination is observed between 100 and 220 J. Delamination starts at 2/3 of the
thickness aligned with the edge of the impactor between 80 and 85 µs after impact, see figure
3.11b. A single delamination propagates over the whole length of the beam resulting in two
independent sub-beams traveling forward in the direction of the impactor combined with a free-
free beam vibration response, see figure 3.11c and 3.11d. The delamination has propagated
throughout the entire field of view 280µs after impact. This failure mode is found consistently
in beams subjected to impacts energies in the range 100 – 220 J.
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(a) t = 0µs (b) t = 85µs (c) t = 300µs (d) t = 750µs

Figure 3.11. Unidirectional specimen response under Delamination Mode #1; Ke0 = 178 J; V0 =
156 m.s-1, source: [P3].

3.4.3 Range: [220 - 550] J

As seen in woven specimens, increasing the impactor energy generates a gradual increase of the
number of delaminations. Figure 3.12 displays four specimens subjected to increasing impact
energies showing fully propagated delaminations within the field of view.

(a) Ke0 = 317 J (b) Ke0 = 345 J (c) Ke0 = 456 J (d) Ke0 = 550 J

Figure 3.12. Unidirectional specimen response under Delamination Modes #3 and above; impact energies
ranging from 317 to 550 J, source: [P3].

Contrary to woven specimens, no spurious damage modes were observed for unidirectional
specimens. Additional information on the damage modes can be found in [P3] section 3.1.

3.5 Delamination vs Impact Energy

When comparing both specimen sets, the first thing that stands out is that unidirectional speci-
mens start to delaminate at a lower impact energy threshold: 100 J for unidirectional specimens
versus 240 J for woven specimens. It is also seen that unidirectional specimens show a larger
number of fully propagated delaminations than their woven counterparts for similar impact en-
ergies. This is consistent with literature where specimens made of unidirectional layers tend
to have a lower interface fracture toughness with respect to woven layers. This can be seen in
figure 3.13 where the number of fully propagated delaminations is plotted against the impactor
speed and energy.
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Figure 3.13. Number of fully propagated delaminations observed vs a) impactor speed b) impactor energy
for unidirectional (UD) and woven (WOV) specimens.

A closer look at figure 3.13b allows for an interesting observation. After the initiation thresh-
old, the number of delaminations and the impactor energy follow a linear relation indicated by
the linear fits overlaid. The linear relation indicates that, for the strain-rate range studied, there
is no significant variation in the material properties that drive the delamination propagation, i.e.
the critical energy release rates. If a flattening of the curve with increasing impactor energy were
observed, it could be inferred that the critical energy release rates increase with the impactor
energy preventing the propagation of new delaminations. Conversely, the opposite could be said
if a steepening of the curve were observed. The constant slope of the linear fit suggests that
there is no significant variation of said interlaminar properties for the studied strain-rate range.

Field tests showed a higher blast resistance of woven laminates with respect to unidirectional
laminates. The focus of the following sections is set on woven specimens.

3.6 Delamination Onset Time

The first part of establishing the complete through-thickness damage timeline is to identify the
time and order at which delaminations start to appear. By measuring delamination onset time
and by comparing it to the analytical stress wave propagation model from Chapter 5, conclusions
on the mechanisms responsible for the delamination onset can be drawn.

The delamination onset times have been measured using high-speed photography with a time
resolution of 5 µs. Such a low time resolution is crucial for the detection of the delamination
onset. As stated in Chapter 2, the specimen dimensions are chosen so that the through-thickness
(T-T) stress wave travels trough the entire thickness of the specimen back and forth before
interacting with other reflected waves that could come back from any of the other free surfaces
of the beam. The time necessary for the T-T stress wave to travel trough the entire thickness,
tth, is calculated using equation 3.1 given by 1D wave propagation theory and material properties
from table 3.1. If tres were greater than tth, delamination could start before the very first frame
is recorded.

tth =
th

cxx
= th ·

√
ρc
Exx

= 8.6µs (3.1)
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Figure 3.14 shows the experimental delamination onset time for the first three delaminations
observed. It can be seen that the onset time for delamination #1 is independent of the impactor
speed. Delamination #1 exhibits a consistent onset time with an average tavg0 = 19µs.

Delaminations #2 and #3 present more variability. A closer look allows for identifying two
clusters of values for t0, around 22 and 35µs for delamination #2 and around 40 and 55µs for
delamination #3. These clusters are highlighted by dotted boxes (· · ·) in figure 3.14 middle
and right. The points grouped inside the same cluster amount to delaminations corresponding
to identical damage modes. For example, the lower cluster of figure 3.14 middle corresponds
to the onset location of the second delamination observed in specimens showing two delamina-
tions whereas the points on the top cluster correspond to the second delamination observed in
specimens showing three delaminations.
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Figure 3.14. Delamination onset time t0 for delamination #1 (o), #2 (×), and #3 (5).

Delamination onset location, when combined with delamination onset time, is crucial for
understanding the mechanisms behind the delamination onset. They both provide with the
necessary information to establish the full damage timeline happening through the thickness of
the specimens. Having dealt with the onset time, the following section addresses the analysis of
the onset location for different damage modes.

3.7 Delamination Onset Location

The delamination onset time has been analyzed, the focus in this section is set on the delami-
nation onset location.

When studying thick monolithic composites, especially when dealing with multi-material
lay-ups, the stack-up sequence is left as a design variable. It is then relevant to study where
delaminations initiate thickness wise, in order to tailor the specimen’s design so that the most
adequate interfaces are located at such locations.

Delamination onset location is measured using the footage from camera #1 for all woven
specimens that exhibited up to five delaminations. Above five, the delaminations are too many
and too close to each other to visually identify their onset location. It is left as future work to
automatize the delamination onset recognition.

Delamination Mode #1
For specimens failing under delamination mode #1, i.e. they present one single delamination,
the onset location ξ0 remains constant at ξ0 = 2/3 with increasing impact energies, see figure
3.15 left.
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Figure 3.15. Delamination onset location ξ0 for delamination modes #1 and #2.
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Figure 3.16. Delamination onset location ξ0 for delaminations #1 and #2.

Delamination Mode #2
Under delamination mode #2, i.e. specimens present exactly two delaminations, the onset
location ξ0 remains constant with increasing impact energies at ξ0 = 2/3 for delamination #1
and ξ0 = 1/3 for delamination #2, see figure 3.15 right. It can be seen that the onset location,
within the same delamination mode, is invariant with respect to the impact energy. This is not
the case when comparing between different delamination modes. Figure 3.16 shows that the
delamination onset location migrates towards the backside of the beam as the impact energy
increases switching between delamination modes.

Once delaminations have been analyzed in terms of onset time and location the damage
timeline can be fully established. As soon as the first delamination appears and propagates,
the newly separated volumes act like a new set of independent sub-beams deforming under 3-
point bending. As the existing delaminations progress and global deformation develops, new
delaminations will form at approximately the mid-thickness of the new sub-beams. This pattern
continues within the newly formed sub-beams and hence the subsequent delaminations will
also appear at the sub-beams’ mid-thickness. This location is in agreement with the classical
predictions of maximum shear stress under 3-point bending. However, this mid-thickness pattern
is not always present as non-homogeneities in the layer interfaces can create some weak spots that
can make delaminations appear at other locations. Nevertheless, even if a specific delamination
forms away from the mid-thickness, the subsequent delaminations will still appear at the mid-
thickness of the newly formed sub-beams. The delamination sequence is shown in figure 3.17.
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Figure 3.17. Damage sequence of delamination mode #4, images show top half view of a specimen. For
every couple of images, the left image shows raw footage and right image shows the same image with the
delaminations highlighted; Ke0 = 634 J.

The above-mentioned sequence can also be inferred from figure 3.18. The top right sub-figure
shows the delamination sequence of specimens under delamination mode #2, it can be seen that
delamination #1 starts consistently at ξ0 = 2/3 and then delamination #2 starts at ξ0 = 1/3
shortly after, i.e the mid-thickness between the first delamination and the impact surface of the
beam.

Bottom left sub-figure shows the sequence for specimens under delamination mode #3, in this
case, delamination #1 starts at ξ0 = 3/4, delamination #2 starts at ξ0 = 1/2 and delamination
#3 at ξ0 = 1/4, although the mid-thickness pattern is not followed between delaminations #1
and #2, it is indeed found as soon as a new delamination forms shortly after, i.e. between
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delaminations #2 and #3. Finally, when analyzing the damage sequence of delamination mode
#4, the mid-thickness pattern can be retraced very neatly. Once the damage onset timeline has
been fully established, addressing the delamination propagation phenomena is next.
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Figure 3.18. Onset T-T location ξ0 vs delamination onset time t0 for modes #1 to #4, source [P3].

3.8 Delamination Propagation

Delamination propagation is tracked using high-speed photography as well. The measurement
of the spatial coordinates of the delamination front was automatized using MATLAB R2017a
but the identification of the delamination front still needed to be done manually. Several edge
detection algorithms were used and all failed to capture the first instances of delamination: a
higher spatial resolution is needed for automation.
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Figure 3.19. Propagation history of delaminations #1 to #4; Ke0 = 797 J.
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Figure 3.20. Detail of delamination propagation
zones; Ke0 = 343 J, source [P3].

Figure 3.19 shows an example of the mea-
sured propagation history of the delamination
front for the top half of a specimen. It can
be seen that the observable FOV is reduced
to 50 mm. Nonetheless, three delamination
propagation zones can be identified and are
shown in figure 3.20. A first rapid propagation
zone right after delamination onset, a second
stagnation zone with slow propagation or no
propagation at all and a third rapid propaga-
tion zone at a slightly smaller speed than in
zone 1. The propagation speed for the ith zone
is noted as videl with i = {1, 2, 3}.

As stated during the introduction, the
method for quantifying the dynamic level of
the delamination front varies widely within
the literature. Some researches focus on mea-
suring an averaged strain-rate over the entire
specimen whereas others appeal to report the speed at which the experimental rig actuators
operate. When loading the specimen via impact, the impactor speed is normally reported.
However, the majority of researchers tend to measure the crack or delamination propagation
speed and report it against the measured mechanical property. This same approach was used
in this work and the delamination propagation speeds of selected delaminations were measured.
Delamination propagation speeds are extracted using a linear regression on the delamination
propagation history as shown in figure 3.21 and are summarized in table 3.2.
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Figure 3.21. Delamination #1 propagation speed extraction, source [P3].
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Ke0 Del. v1del v2del v3del
[J] Mode [m.s-1] [m.s-1] [m.s-1]

241 1 2001 13 310
260 1 1289 106 566
343 1 1699 19 1400
391 2 1748 15 817
478 2 1969 3 269
596 2 1728 143 692

Table 3.2. Experimental delamination propa-
gation speeds.

Figure 3.22. Experimental delamination propaga-
tion speed v1del vs impact energy Ke0.

Figure 3.22 shows the initial propagation speed, v1del, for delamination #1 along with the
theoretical propagation speed, cthxy (-·-), of a shear stress wave according to 1D wave propagation
theory. The theoretical speed is calculated using the quasi-static value for the transverse shear
modulus GQS

xy = 3.47 GPa from table 3.1 in equation 3.2.

cthxy =

√
GQS

xy

ρc
= 1333 m.s-1 (3.2)

Delamination propagation speed also remains stable with increasing impact energy. An
average v̄1del = 1700 m.s-1 can be achieved with low impact energies down to 200 J.

The average experimental propagation speed, cexpxy , is 28 % higher than the quasi-static the-

oretical propagation speed, cthxy. The dynamic shear modulus, GQS
xy , can then be derived reorga-

nizing equation 3.2.

Gd
xy = ρc ·

(
cexpxy

)2
= 5.6 GPa (3.3)

Assuming that the transverse shear wave is the sole driver of the delamination propagation,
the dynamic transverse shear module Gd

xy increases by 61 % with respect to its quasi-static
counterpart under dynamic loading.

3.9 Beam Deformation History

Most of the specimens tested were attired with tracking markers tangent to the beam’s back
edge and spaced by 10 mm in the vertical direction. The displacement of the tracking markers
was extracted using the image tracking software Tracker 5.0.7.

The obtained displacements allow for retracing the deformation of the beam through time.
Figure 3.23 shows the beam deformed shape at six different timestamps for two beams subjected
to different impact energies. Figure 3.23a correspond to a beam that suffered no damage where
it can be seen how the entire beam endures a rigid body motion forward judging by the small
difference in displacement between the central and end points of each curve. However, figure
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3.23b correspond to a specimen under high impact energy. It can be seen that the difference
between the central point and the extremes is considerable, indicating a substantial bending
deformation.
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Figure 3.23. Specimen deformation for different timestamps, notice the difference in the x-axis range.

Figure 3.24 shows a comparison between three beams exhibiting very different damage modes
at six different timestamps. Specimen 1, (-o-), suffered no damage, whereas specimen 2, (-o-),
and specimen 3, (-o-), suffered 2 and 7 delaminations respectively.
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Figure 3.24. Specimen deformation for different timestamps; (-o-) Ke0 = 214 J; (-o-) Ke0 = 425 J ; (-o-)
Ke0 = 934 J.

It can be seen that, before delaminations start to form, i.e. t = 25µs, there is no clear
correspondence between the impact energy and the deformed relative positions. For example,
at t = 15µs Beam 3 shows the lowest maximum displacement although being the beam with
the highest impact energy. However, at t = 20µs the maximum displacement of the beams is
ranked according to the each specimen’s impactor energy. Another interesting observation to be
made is the deformation mechanism of the beams where traveling shear hinges emanate from
the impact area and propagate towards the supports.

Finally, the deformed shape of the beams can be used to assess the repeatability of the
experimental setup by comparing the results from beams with nearly identical impactor energies
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I. V. Pérez Observing Through-Thickness Damage: Experimental Results

0 2 4 6 8

ux [mm]

-50

-40

-30

-20

-10

0

10

20

30

40

50

u
y [m

m
]

(a) (–?-) Ke0 = 292 J; (-?-) Ke0 = 297 J.

0 2 4 6 8

ux [mm]

-50

-40

-30

-20

-10

0

10

20

30

40

50

u
y [m

m
]

(b) (–?-) Ke0 = 356 J; (-?-) Ke0 = 369 J.

0 2 4 6 8 10

ux [mm]

-50

-40

-30

-20

-10

0

10

20

30

40

50

u
y [m

m
]

(c) (–?-) Ke0 = 463 J; (-?-) Ke0 = 478 J.
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Figure 3.25. Specimen deformation of similar impact energy at different timestamps for repeatability
purposes. The four sets of curves represent t = {25, 75, 100, 250}µs from left to right.

as shown in figure 3.25. It can be concluded that the repeatability of the tests is ensured, even
after delamination initiates.

The main use of the extracted deformed shape is to serve as a basis for correlation with
the finite element model described in Chapter 4. In the following sections the data is also used
for the derivation of the dynamic longitudinal Young’s modulus Ed

11 and the dynamic in-plane
strength Sd

11,c.

3.10 Dynamic Effects on the Longitudinal Young’s Modulus

A first aspect that was investigated after extracting the beam deformation history was the
evolution of the longitudinal Young’s modulus E11 with respect to the impact energy Ke0. As
stated in section 3.3.1, below certain impact energies no interlaminar damage is observed on the
beam specimens. The specimen is propelled forward by the impactor and describes a translation
motion combined with a free vibration. Figure 3.26 shows footage extracted every 100µs of test
specimen #10. It can be seen that the specimen deforms according to the first bending vibration
mode of a free-free beam.

Since the specimen is equipped with nine tracking markers (TM), the deformed shape of the
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backside can be extracted using image tracking software and magnified in order to facilitate the
visualization of the vibration mode, see figure 3.27. ux and uy represent the displacements in
the x and y direction respectively as defined in figure 3.5.

Figure 3.26. Specimen deformation under free-free vibration; Ke0 = 200 J.
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Figure 3.27. Deformed shape extracted from tracking markers; Ke0 = 200 J.
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Figure 3.27 shows the deformed shape extraction for all timesteps shown in figure 3.26.
Once the displacement data is extracted, the displacement history of each marker can be post-
processed in order to derive the vibration frequency. Let’s name uix,t the x displacement of the

ith tracking marker at timestep t. Let’s define the Ux,t vector as:

Ux,t = [u1x,t u
2
x,t · · · u9x,t] (3.4)

A first glance at figure 3.28a shows that displacement history of every TM follows a combi-
nation of a sinusoidal movement, US

x,t, and a translation movement, UT
x,t,

Ux,t = US
x,t + UT

x,t (3.5)

The translation component UT
x,t is extracted by performing a linear regression of the dis-

placement history, see (- -) in figure 3.28b. The sinusoidal component US
x,t can then be isolated,

see figure 3.28c,

US
x,t = Ux,t − UT

x,t (3.6)

Lastly, the displacement history is averaged, (- -) in figure 3.28d. The vibration period, T ,
is measured as the time elapsed between two consecutive maximums as shown in figure 3.29, the
vibration frequency is derived as fexp1 = 1/T .

Once the experimental frequency is obtained, the dynamic longitudinal Young’s modulus Ed
11

is obtained by confronting fexp1 to the first theoretical bending frequency of a free-free beam
with constant cross section given by equation 3.7,

f th1 =
1

2π
· 22.373

L2
·

√
E11I

ρ
(3.7)

Where L and I refer to the beam’s length and the second moment of inertia respectively.
Equalizing f th1 and fexp1 and solving for E11,

E11 =

[
2π · L2 · fexp1

22.373

]2
· ρc
I

(3.8)

Since the vibrations are generated by a dynamic load, the resulting modulus is referred as
the dynamic longitudinal Young’s modulus Ed

11. The method was applied to seven specimens
that did not exhibit delaminations after impact. The results are summarized in table 3.3 and
plotted in figure 3.30.
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Figure 3.28. Post-processing of the tracking markers (TM) displacement history.
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Figure 3.29. Post-processing of the tracking markers’ (TM) displacement history.
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Ke0 [J] T [µs] fexp
1 [Hz] Ed

11 [GPa]

QS - - 17.6
200 825 1212 20.4
214 850 1176 19.2
292 821 1218 20.6
297 811 1233 21.1
356 800 1250 21.7
395 798 1253 21.8
463 791 1265 22.2

Table 3.3. Dynamic longitudinal Young’s modulus
Ed

11 derived from vibration analysis.
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Figure 3.30. Ed
11 vs impactor energy Ke0.

It can be seen that Ed
11 increases with the severity of the impact. What’s more, the linear

fit hints at a linear relation for the strain-rate range studied and an increase on ca. 26 % was
observed. The derivation of the dynamic Young’s modulus was not the target when designing
the experimental rig. However, after examination of the footage, it became apparent that its
derivation could be performed.

3.11 Dynamic Effects on the In-plane Strength

As shown in section 3.3.5, some specimens suffer in-plane longitudinal failure before delami-
nation. As seen in figure 3.10, specimens undergo severe vibrations that lead to significant
bending stresses on the outermost layers of the specimen, which ultimately lead to failure. This
section aims to calculate the stresses at which failure occurs based on the deformed shape of the
specimen.

The displacement history of each marker is extracted as done in section 3.10 and shown in
figure 3.31 (o). Let’s define the y position along the back edge of the beam as a function of the
x position and time t,
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Figure 3.31. Deformed shape using a quadratic fit (- -); tracking markers (o); Ke0 = 370 J.
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y = y(x, t) (3.9)

The curvature κx of the specimen at a given y location is given by

κx =
y(x, t)′′

[1 + y(x, t)′ 2]
3
2

(3.10)

The bending moment M around the axis normal to the x-y plane is defined as

M = Eyy · I · κx (3.11)

At this point, it is assumed that the deformed shape extracted at the tracking markers, y(x, t)
is equal to the deformed shape of the neutral axis. This is valid for moderate deformations and
up to the first delamination appears. Hence, the bending stress σb at the outermost surfaces is
derived as

σb = ± M

I
· th

2
= ± Eyy · κx ·

th

2
(3.12)

It can be seen that σb reaches its maximum when κx = κmax
x .

Equation 3.12 links the bending stress, σb, with a known material property, Eyy, a known
dimension, th, and the curvature κx which is given by equation 3.10.

In order to calculate κx, a quadratic function is fit through the tracking markers for every
timestamp.

y = y(x, t) = a(t) · x2 + b(t) · x+ c (3.13)

The resulting fit is also shown in figure 3.31, (- -), and shows an excellent correlation with
respect to the experimental data (o).

Substituting equation 3.13 in equation 3.10 yields

κx =
2 · a(t)[

1 + (2 · a(t) · x+ b(t))2
] 3

2

(3.14)

It can be seen that κx reaches its maximum at x = −b(t)
2 a(t) , hence

κmax
x = 2 · a(t) (3.15)

Substituting equation 3.15 in equation 3.12,

σmax
b = ± Eyy · a(t) · th (3.16)

The derivation was applied to a specimen that showed ply failure before delamination. The
resulting maximum stress time history is shown in figure 3.32. It can be seen that ply failure
occurs at t = 765µs where the compression stress is maximum, σmax

b = −317 [MPa]. The failure
is caused by a dynamic loading, the derived strength is then referred as the dynamic compression
strength, hence Sd

11,c = −317 [MPa].
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Figure 3.32. Backside maximum bending stress history; Ke0 = 370 J.

The method was applied to two specimens that did not show any damage and five specimens
that encountered ply failure under bending, the results are summarized in table 3.4 and plotted
in figure 3.33. The values labeled with * are lower boundaries of the strength since the specimen
did not fail. It can be seen that the dynamic strength experiences an abrupt increase of ca.
106 % at 370 J. It must be signaled that the two highest values correspond to two specimens
where failure originated at the impact side contrary to the rest of specimens where it originated
at the backside. In all specimens, failure occurred in compression independently of the face.

Ke0 [J] Sd
11,c [MPa]

QS 252
200 280*
214 280*
297 300
370 375
370 317
398 490
463 518

Table 3.4. Dynamic in-plane compression strength
Sd
11,c derived from curvature analysis.
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Figure 3.33. Dynamic in-plane compression
strength Sd

11,c vs impactor energy Ke0.
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4. Predicting Through-Thickness Damage:
Numerical Model

A numerical model is built for the commercial explicit finite element code LS-DYNA R901 and
consists of a representation of the beam and impactor system.

Figure 4.1. Finite element model mesh and reference coordinate system.

4.1 Beam Modeling

4.1.1 Element formulation

The beam specimen is modeled by constant stress hexahedron 8-node solid elements. This kind
of element is an under-integrated element known for being efficient and accurate even for severe
deformations. However, attention must be paid to the hourglass energy when using these kind
of elements as some hourglass stabilization might be needed.

4.1.2 Mesh discretization

In order to select the appropriate mesh discretization, a mesh convergence analysis is carried out.
The magnitude whose convergence is analyzed is the ux displacement of the beam’s backside
middle point while varying the number of elements along the beam’s length (LNDIV). The beam
boundary conditions are set to simply supported at 10 % and 90 % of its length on the backside
in order to ensure that the displacement reaches a maximum, otherwise the beam just proceeds
in an endless translational motion. The post-processed node and boundary conditions can be
seen in figure 4.2.

The mesh convergence is performed with the following model parameters:

� Length: L = 240 mm

� Width: w = 22 mm
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� Thickness: th = 21 mm

� Constant stress hexahedron 8-node solid elements (ELFORM = 1 in LS-DYNA)

� 22 composite layers with 1 element per layer

� Impactor speed V0 = 150 m.s-1

� All layers are merged, no delamination is allowed

� In-Plane aspect ratio ARIP = 1

� Linear-elastic orthotropic material model for the composite elements (MAT002)

Table 4.1 summarizes the mesh convergence analysis.

Table 4.1. Beam model input parameters.

Model Parameter Value Element length
# in x-direction, ely

01 LNDIV 16 15 mm
02 LNDIV 24 10 mm
03 LNDIV 40 6 mm
04 LNDIV 60 4 mm
05 LNDIV 120 2 mm
06 LNDIV 240 1 mm

Figure 4.2. FE model boundary conditions and post processed node for mesh convergence analysis.

Figure 4.3a shows the resulting displacement history for the post processed node and figure
4.3b shows the maximum displacement against LNDIV. It can be concluded that, for a value
of LNDIV ≥ 120 the mesh is converged in terms of displacement. The resulting In-Plane (IP)
and Out-Of-Plane (OOP) aspect ratios are within the standard practice acceptable maximums
(≤ 3). The resulting model discretization parameters are summarized in table 4.2.

ARIP =
ely
elz

=
L

LNDIV
· WNDIV

w
= 1.1; (4.1)

AROOP =
ely
elx

=
L

LNDIV
· THNDIV

th
= 2.1; (4.2)

The model consist of 40 590 nodes and 35 680 elements and runs up to a simulation time of
200µs in ca. 99 seconds using 4 Cores in an Intel Core i7-6280HQ 2.70 GHz.
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Figure 4.3. Mesh convergence analysis on the maximum ux displacement of the backside mid-node.

Table 4.2. Mesh discretization parameters for converged model.

Parameter Description Value Element Length

LNDIV Number of elements lengthwise 120 2 mm
WNDIV Number of elements widthwise 12 1.83 mm
THNDIV Number of elements thickness-wise 22 0.95 mm
ARIP In-Plane Aspect Ratio 1.1 -
AROOP Out-Of-Plane Aspect Ratio 2.1 -

4.1.3 Hourglassing

Hourglass (HG) modes are nonphysical, zero-energy modes of deformation that produce zero
strain and no stress. Hourglass modes occur only in under-integrated solid, shell and thick shell
elements, [42]. Under-integrated solids have 12 HG modes, figure 4.4 shows four examples of
hourglass modes for a solid element.

Literature good practices stipulate that the total hourglass energy must not exceed 10 % of
the total internal energy of the system. The hourglass energy is extracted, confronted to the
total internal energy of the beam and plotted in figure 4.5. It can be seen that the converged
model complies with the 10 % requisite. This can be explained by the fact that, as LNDIV
increases, the OOP Aspect Ratio decreases, which in turn makes the elements less prone to
hourglassing.

Figure 4.4. Hourglass modes for a solid under-integrated hexahedron element, source: [42].
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Figure 4.5. Hourglass contribution analysis for increasing values of LNDIV.

4.1.4 Symmetry

In order to reduce the computation time, a half-symmetry model (HSM) and a quarter-symmetry
model (QSM) are implemented and given as an option for the simulation user. Since no plies
are placed at other than 0 or 90 degrees, symmetry boundary conditions can be applied.

(a) Half-symmetry model. (b) Quarter-symmetry model.

Figure 4.6. Symmetry implementation.

Symmetry boundary conditions are applied at the symmetry planes, see figure 4.7.

Half-symmetry

uy = 0, ∀ y =
L

2
(4.3)

Quarter-symmetry {
uy = 0, ∀ y = L

2

uz = 0, ∀ z = w
2

(4.4)

In order to validate the symmetry modeling, a full model, an HSM and a QSM model are
run under free-free boundary conditions. Figure 4.8 shows the x displacement history of the
backside mid-node for all three models. It can be seen that all curves are perfectly coincident.
The symmetry implementation is therefore validated.
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(a) Half-symmetry model. (b) Quarter-symmetry model.

Figure 4.7. Symmetry boundary conditions.
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Figure 4.8. Symmetry model validation.

Table 4.3 summarizes the model sizes and CPU time for a simulation time of 200µs. It
can be seen that the calculation time can be brought down by a factor of 3 by introducing
quarter-symmetry in the model.

Table 4.3. Effect of symmetry in model size and CPU time.

Total Total CPU
Nodes Elements time1

Full model 40 590 35 680 99 s
Half symmetry 20 560 17 840 52 s
Quarter symmetry 11 042 8 920 33 s

1Calculation run until a simulation time of 200µs

4.1.5 Boundary conditions

No other boundary conditions apart from the symmetry conditions are applied to the model in
accordance with the tests described in Chapter 2.
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4.1.6 Beam material model

Since no damage, other than delamination, is expected to contribute to the deformed shape ,
a linear elastic model is selected. The material properties are set initially to the quasi-static
properties and are reported in table 3.1.

4.2 Impactor Modeling

4.2.1 Element formulation

The impactor is modeled using a mapped mesh on the cylinder base and then extruded along
its length. In order to achieve a regular mesh without any geometrical bias, two kinds of
elements are used. The elements directly linked to the central axis of the impactor are 5-node
pentahedron elements (ELFORM = 15) while the rest of the elements are 8-node hexahedron
elements (ELFORM = 1) as used for the composite beam. see figure 4.9. Since the impactor
experiences severe deformation during impact, it is important to provide an axi-symmetrical
mesh without any geometrical bias to prevent steering the deformation towards any particular
direction.

4.2.2 Mesh discretization

The mesh discretization is defined by parameters LNDIVimp along the length direction, by
RNDIV along the radial direction and by ANGNDIV along the circumferential direction. The
number of elements associated with the impactor is significantly smaller than the number of
elements associated with the composite mesh. Therefore, no mesh convergence analysis is carried
on the impactor as it is possible to afford a sufficiently fine impactor mesh without penalizing
the computation time of the model. The selected discretization parameters are summarized in
table 4.4.

Table 4.4. Impactor mesh discretization parameters.

Parameter Value

LNDIVimp 40
RNDIV 10
ANGNDIV 40

RN
DI
V

AN
GN
DI
V

y

x
z

y

z

LNDIVim

Figure 4.9. Axi-symmetrical impactor mesh. Pentahedrons are colored in blue and hexahedrons in
magenta.

50
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4.2.3 Impactor material model

High Density Polyethylene is a polymer and as such it can deform plastically to an extent most
metals can’t. This results in a severe residual deformation after impact as shown in figure 4.10.
Therefore, it is crucial to model the impactor’s material behavior as accurately as possible since
doing so will ensure that a realistic stress pulse is transmitted to the beam specimen. In order
to do so, a literature review is done to obtain the strain-stress curves for HDPE under different
strain-rates.

Literature is rich when it comes to the dynamic characterization of HDPE, figure 4.11 shows
strain-stress curves for HDPE under 13 different strain-rates from two different sources.

Figure 4.10. HDPE impactor before (left) and after (right) impact.

(a) Source: Brown et al. [43]. (b) Source: Omar et al. [44].

Figure 4.11. Strain-stress curve of HDPE under different strain-rates.

In order to assess the material model effect on the overall response of the beam specimen,
four numerical models are run using two material models: linear elastic and elastic-plastic, both
with quasi-static and high strain-rate materials properties. The material models and properties
are extracted from the experimental curves of figure 4.11, the extracted idealized curves are
shown in figure 4.12 and the material properties are summarized in table 4.5.
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Figure 4.12. Material model properties extraction for HDPE impactor.

Table 4.5. Impactor material properties as defined in figure 4.13.

Model Material Strain-rate E σy Et Material Model
# Behavior [s.-1] [MPa] [MPa] [MPa]

07 Linear-Elastic QS 250 - - *MAT ELASTIC
08 Linear-Elastic 1100 1400 - - *MAT ELASTIC
09 Elastic-Plastic QS 250 12.5 75 *MAT PLASTIC KINEMATIC
10 Elastic-Plastic 1100 1400 48.5 60 *MAT PLASTIC KINEMATIC
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e 
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Et

Figure 4.13. Material parameters for linear-elastic model (left) and elastic-plastic model (right).
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I. V. Pérez Predicting Through-Thickness Damage: Numerical Model

Figure 4.14 shows the backside displacement profile of the beam specimen for each of the
material models for four different timestamps. It can be seen that the resulting displacement is
greatly influenced by the material model of the impactor. Models with high strain-rate proper-
ties, i.e. models #08 and #10, result in larger deformations than their quasi-static counterparts.
This can be explained by the impact being more violent as the impactor behaves with greater
stiffness at higher strain-rates. Additionally, higher stiffness and higher flows tress σy also im-
plies less energy dissipated as permanent deformation on the impactor, which results in more
energy transferred to the beam.
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Figure 4.14. Numerical deformed shape of the specimen’s backside for four impactor material models.

4.3 Model Validation

In order to benchmark the different material models, the numerical results are confronted with
the experimental results. The experimental deformed shape is extracted as explained in Chapter
3. Since no delaminations are allowed, the model is confronted against a test where no delam-
ination occurred. Results are shown in figure 4.15. It can be seen that Model #10 offers the
best correlation between the numerical model and the experimental results.

By analyzing the different models, it was expected that models #07 and #08 perform poorly
since a purely elastic behavior deviates greatly from the observed deformations shown in figure
4.10. Models #09 and #10 both allow for plastic deformation enabling a residual shape to
be maintained after impact and offer a more realistic pressure pulse. What’s more, the better
performance of Model #10 indicates that the impactor experiences high strain-rates during the
impact and that modeling the impactor with just its quasi-static properties is not realistic.
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Figure 4.15. Numerical deformed shape of the specimen’s backside for four different impactor material
models; experimental data (+) where V0 = 165 m.s-1.

Strain-Rate Dependency
In order to enhance the numerical correlation, a strain-rate dependency model is used and
the material properties from figure 4.11 are implemented into the LS-DYNA material model
*MAT STRAIN RATE DEPENDENT PLASTICITY. Material properties for the strain-rate
dependent model are reported in table 4.6 and results are shown in figure 4.16.

Table 4.6. Mechanical properties for HDPE impactor; strain-rate dependent model.

Model Strain-rate E σy Et Material Model
# [1/s] [MPa] [MPa] [MPa]

11

0.01 250 12.5 75
0.10 300 14.0 110
650 1100 32.5 65 *MAT STRAIN RATE
900 1300 46.0 60 DEPENDENT PLASTICITY
1100 1400 48.5 60
2460 6000 57.5 0
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Figure 4.16. Effect of the strain-rate dependency in the material model of the impactor on the numerical
deformed shape of the specimen’s backside; experimental data (+) with V0 = 165 m.s-1.

It can be seen that the addition of the strain-rate dependent behavior does not bring any
substantial enhancement to the correlation. This shows that the impactor endures a fairly
constant strain-rate and that no strain-rate dependency is necessary for low impact speeds.
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4.4 Delamination Modeling

Up until now, the numerical model does not allow delamination in between layers. Nodes at
the interfaces are merged and constitute a solid beam with no damage modeling whatsoever.
The correlation up to t = 150µs is satisfactory when comparing to experiments that have not
suffered delamination, see (+) in figure 4.17. However, when comparing to specimens where
delamination occurred the correlation worsens as could be expected, see (+) in figure 4.17. The
mismatch between experimental data and the numerical model increases as time progresses due
to the rigid body movement experienced by the detached sub-beam. The numerical model could
not reproduce that behavior since all layers remain merged together for the entire calculation
time.
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Figure 4.17. Numerical deformed shape (—) of the specimen’s backside without delamination modeling
vs experimental data without delamination (+) and with delamination (+).

4.4.1 Contact formulations for delamination modeling

LS-DYNA offers the possibility to define non-linear contact relations between nodes located at
the interfaces. This method requires the layers not to be merged and hence coincident nodes to
be located at the interfaces. The pre-processor will then establish tiebreak constraints between
the coincident nodes to simulate a non-linear contact. Depending on the option selected for the
contact, a specific interface stress vs interface opening relation, σi vs δi in figure 4.18, is imposed
between the nodes. Coincident nodes will remain merged until a certain criteria is reached, after
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δi

σi
Complete 
separation

Figure 4.18. Interface separation laws.

which separation is allowed. If the nodes were to come into contact again, node penetration is
not allowed. Two σi vs δi relations are investigated; a purely stress based separation criteria
and an energy based criteria.

Stress based criteria
Adjacent nodes will remain linked in all degrees of freedom as long as equation 4.5 is satisfied.

(
〈σn〉
NFLS

)2

+

(
|σs|
SFLS

)2

< 1 (4.5)

Where NFLS and SFLS are the normal and shear interlaminar failure stresses and σn and σs
are the interface normal and shear stresses. This stress-opening relation is illustrated in figure
4.18 (—) for a unidirectional case where either σn = 0 or σs = 0. No relative movement is al-
lowed between the adjacent nodes until the criteria is reached, at that point the interface nodes
are free to move relative to each other. The user inputs for this criteria are NFLS and SFLS.
For the rest of this work, NFLS and SFLS will be referred by the most commonly used terms
ILNS and ILSS which stand for Interlaminar Normal Strength and Interlaminar Shear Strength
respectively.

Energy based criteria
A relative displacement is allowed between adjacent nodes and complete separation is achieved
when the energy absorbed by the interface reaches the critical energy release rate. This stress
vs opening relation is also referred by the LS-DYNA user manual [42] as the DYCOSS Discrete
Crack Model. The user inputs for this criteria are ILNS, ILSS, GIC and GIIC .

δi

σi
{NFLS ; SFLS}

{GIC ; GIIC}

Complete 
separation

Figure 4.19. Triangular interface separation law.
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Table 4.7. Quasi-static mechanical properties for beam interface modeling.

Model ILNS Source ILSS Source GIC GIIC Source Separation
# [MPa] [MPa] [J.m-2] [J.m-2] Criteria

200 9.78 [45] 19.5 [7] - - - Stress based
201 9.78 [45] 19.5 [7] 536 5025 [46] Energy Based

Both models are launched using the quasi-static interface properties summarized in table 4.7
and results are plotted in figure 4.20. It can be seen that the stress based model shows a more
pronounced peak at the beam center whereas the energy based model behaves in a more smooth
manner, closer to the experimental data. Hence, the energy based model is retained for the rest
of the analysis. What’s more, its cost in extra CPU time is acceptable, see table 4.8.
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Figure 4.20. Effect of the delamination separation criteria on the specimen’s backside deformed shape vs
experimental data (+); V0 = 189 m.s-1.

The deformed shape shows an abrupt change in curvature resulting in a pronounced bulge at
the center of the beam’s length. For instance, for t = 200µs, model #201 exhibits a change in
curvature at y = 95 mm and y = 145 mm. The change in curvature corresponds to the extent of
the delaminated area. For 200 < t ≤ 400µs, the delamination continues its progression along the
length of the specimen and the deformed shape becomes progressively smoother, closer similar
to the experimental one.

The calculations presented so far correspond to the quasi-static interlaminar properties as
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Table 4.8. Effect of delamination separation criteria in model size and CPU time.

Model Total Total CPU
# Nodes Elements time1

200 40 590 35 680 290 s
201 20 560 17 840 309 s

1Calculation run until a simulation time of 500µs

presented in table 4.7. As stated in Chapter 1, the mechanical properties are known to increase
under dynamic loading. A parametric study on the four interface parameters is carried out in
order to assess the dynamic increase of each parameter.

4.4.2 Parametric study on interface properties

A parametric study of the four interface parameters is carried out and is summarized in table
4.9. For each parameter studied, the other three parameters are kept constant and equal to
their quasi-static value. Figures 4.21 to 4.24 show the results for each parameter in terms of the
specimen’s deformed shape for two key instants: before delamination onset, t = 15µs, and after
delaminations are fully propagated over the entire field of view, t = 350µs.

Table 4.9. Parametric study variation range.

Model Parameter Variation Unit
# Range

301 - 308 ILNS [5 - 30] [MPa]
311 - 318 ILSS [15 - 40] [MPa]
321 - 327 GIC [350 - 1000] [J.m-2]
331 - 337 GIIC [2000 - 7000] [J.m-2]
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Figure 4.21. Numerical deformed shape for increasing values of ILNS vs experimental data (+).

Figures 4.21 and 4.22 show that both the interlaminar normal strength ILNS and the mode
I critical energy release rate GIC have a small effect on the resultant deformed shape. Increasing
values of both parameters toughen the interface and hence reduce the extension of the delam-
inations. This results in a reduction of the bulge effect. However, it is not enough since the
deformed shape keeps overshooting with respect to the experimental data. Before delamination
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initiates, the correlation remains excellent and invariant with respect to ILNS and GIC as could
be expected.
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Figure 4.22. Numerical deformed shape for increasing values of the mode I critical energy release rate
GIC vs experimental data (+).

Figures 4.23 and 4.24 show that the interlaminar shear strength ILSS and the mode II critical
energy release rate GIIC have a significant effect on the resultant deformed shape. Increasing
values of both parameters reduce the extension of the delaminations significantly and hence
minimize the bulge effect up to a point where a very good correlation is achieved with respect
to the experimental data. Before delamination initiates, the correlation remains excellent and
invariant with respect to ILSS and GIIC as could be expected.
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Figure 4.23. Numerical deformed shape for increasing values of the interlaminar shear strength ILSS vs
experimental data (+).
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Figure 4.24. Numerical deformed shape for increasing values of the mode II critical energy release rate
GIIC vs experimental data (+).

A visual inspection of figures 4.21 to 4.24 yields that the best correlation is achieved for model
#317 which interface parameters are summarized in table 4.10. The correlation is illustrated
in figure 4.25 for eight timestamps. It can be concluded that, under impact load, the dynamic
interlaminar shear strength ILSS increases by 79 %.
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Figure 4.25. Numerical (—) vs experimental (+) deformed shape for model #317; V0 = 189 m.s-1.
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Table 4.10. Results of the first parametric study.

Model Parameter Value Unit Increase
# Range rel. to QS

317

ILNS 9.78 [MPa] -
ILSS 35 [MPa] +79 %
GIC 536 [J.m-2] -
GIIC 5025 [J.m-2] -

So far, the correlation evaluation has been done visually. In order to refine the correlation
level evaluation, a residue calculation is implemented. Given uix the numerical displacement
vector and ûix the experimental displacement vector, both for timestep i, the normalized residue
for timestep i is given by

ri =

(
uix − ûix

)2
ûix

(4.6)

Where ûix represents the average experimental displacement for timestep i. The total residue
R is then calculated as the summation of the normalized residues for all timesteps.

R =
∞∑

i=1

ri (4.7)

The resultant residues are shown in figure 4.26. It can be seen that increasing both ILSS
and GIC results in the highest residue reductions. Model #317 stands out as the lowest residue
and hence the best correlation so far.
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Figure 4.26. Resulting residues for the four variable parametric study.

In order to enhance the correlation, a second parametric study is run where the normal
interface parameters, i.e ILNS and GIC , are kept constant and equal to their quasi-static
values and the shear parameters ILSS and GIIC are modified simultaneously. The details are
summarized in table 4.11 and the resulting residues are shown in figure 4.27.
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Table 4.11. Detailed parametric study variation range.

Model Parameter Variation Unit
# Range

401 - 425

ILNS 9.78 (QS) [MPa]
ILSS [25 - 40] [MPa]
GIC 536 (QS) [J.m-2]
GIIC [4000 - 6000] [J.m-2]
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Figure 4.27. Resulting residues for the two variable parametric study.

Figure 4.28 shows a detail of figure 4.27 where the five models with the lowest residues have
been extracted. It can be seen that the lowest residues correspond to models with ILNS =
35 MPa and increasing values of GIIC . Although the reduction in residue is substantially lower
compared to the first study, there is still an enhancement in the correlation for model #419 with
ILNS = 35 MPa and GIIC = 5500 J.m-2. The parameters of model #419 are summarized in
table 4.12 and the correlation is illustrated in figure 4.29 for eight timestamps.

It can then be concluded that, under impact load, the dynamic interlaminar shear strength
ILSS increases by 79 % and the mode II critical energy release rate increases by 10 %.
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Figure 4.28. Lowest residues of the two variable parametric study.
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Table 4.12. Results of the detailed parametric study.

Model Parameter Value Unit Increase
# Studied Range rel. to QS

419

ILNS 9.78 [MPa] -
ILSS 35 [MPa] +79 %
GIC 536 [J.m-2] -
GIIC 5500 [J.m-2] +10 %
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Figure 4.29. Numerical (—) vs experimental (+) deformed shape for model #419; V0 = 189 m.s-1.

4.5 Strain-rate Levels

In order to asses the dynamic extent of the experiment, the strain-rates in all six components
are extracted from numerical model #419. A visual analysis of the strain-rate fields up to
25µs, shows two different zones where maximums are reached. As shown in figure 4.30, the
interlaminar normal strain-rate ε̇zz peaks at the center of the beam whereas the interlaminar
shear strain-rate ε̇zx peaks at the edge of the impactor.

The calculation timestep is equal to 25 ns and the strain-rates are analyzed using a moving
average over 80 timesteps, i.e. over 2µs. Figure 4.31 displays the maximum strain-rate across
the specimen thickness at the two above-mentioned length locations. It can be seen that the
in-plane axial strain-rates ε̇xx, ε̇yy, show average values of ca. 1.0×103 s-1 whereas the in-plane
shear strain-rate remains the lowest at ca. 0.28×103 s-1. In terms of out-of-plane strain-rates,
the through-thickness normal and shear strain-rates show average values of 3.79×103 s-1 and
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(a) ε̇zz distribution. (b) ε̇zx distribution.

Figure 4.30. Strain-rate distribution for t = {5 ; 10 ; 15}µs after impact; V0 = 189 m.s-1.

2.60×103 s-1 respectively. All strain-rates are fairly constant over the first 25µs except the
through-thickness normal strain-rates that presents a significant peak up to 2.25×104 s-1. The
values, both average and peak, for both length locations, are summarized in table 4.13 for the
six components of the strain-rate tensor.
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Figure 4.31. Maximum strain-rate (logarithmic scale) history across the specimen thickness up to 25µs.
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Table 4.13. Summary of average and peak values of the strain-rate tensor up to t = 25µs.

ε̇xx ε̇yy ε̇zz ε̇xy ε̇yz ε̇zx Unit

Mid-length

Peak 1.75 1.81 22.50 0.36 1.01 5.81 ×103 [s-1]
Average 1.01 1.30 3.79 0.28 0.34 2.60 ×103 [s-1]

Impactor edge

Peak 1.75 1.81 22.50 0.36 1.01 5.81 ×103 [s-1]
Average 1.01 1.30 3.79 0.28 0.34 2.60 ×103 [s-1]

Finally, figure 4.32 shows the strain-rate history up to 200µs. It can be seen that the
specimen is subjected to axial strain-rates over 103 s-1 during the first 100µs of the impact.
This corresponds to the time period where delamination propagates over ca. 75 % of the camera
FOV, see figure 3.21 in Chapter 3. It can then be concluded that the delamination propagation
generated by the NBIT occurs under strain-rates within the range 103 - 104 s-1 and initiates under
peak values over 104 s-1.
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Figure 4.32. Maximum strain-rate (logarithmic scale) history across the specimen thickness up to 200µs.
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5. Predicting Through-Thickness Damage:
Analytical Model

5.1 1D Wave Mechanic Model

An analytical model is built in order to understand the stress state through the thickness of
the specimen. The aim being to obtain an analytical formulation relating the incident stress
pulse σi(t) generated by the impactor with the resulting stress state through the thickness of
the specimen σs. The 1D Wave Mechanic Model (WMM) presented by Eriksen [1] is followed,
extended for any thickness location, and applied to the impactor + beam system. Figure 5.1
introduces the material constants for both the impactor and the specimen, along with the
interfaces (a) and (b).

Upon impact, an incident stress pulse σi(t) is transferred from the impactor to the beam
specimen at interface (a). At that moment, two incident stress pulses start to travel in opposite
directions through the impactor and the beam specimen respectively. This section focuses on
the stress state developing within the beam specimen σs. The final aim is to express the stress
state as a function of the through-thickness location x and time after impact t.

σs = σs(x, t) (5.1)

The stress pulse initiated at interface (a) travels through the thickness of the beam specimen
as a right traveling wave until reaching interface (b) where it partly reflects and transfers. The
reflected part travels as a left traveling wave and reaches interface (a) where it partly reflects
and transfers again. The reverberation process continues until the stress dissipates naturally or
until the configuration of the system changes. For instance, at some point the impact will end
and the impactor will no longer be in contact with the specimen, changing the properties of
interface (a).

Impactor

Beam
Specimen

ρi, Ai, Ei ρs, As, Es

x

(a) (b)

V0

Right traveling wave

Left traveling wave

Air

Figure 5.1. 1D wave model constants and interfaces.
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The following assumptions apply to the wave motion:

� 1D dispersion free wave motion

� The specimen behaves elastically up to delamination

� A single loading wave is generated by the projectile

� The specimen remains in perfect contact with the projectile during the entire impact
duration

� The interfaces remain perfectly flat during the entire impact duration

Equation 5.2 describes the 1D dispersion free wave motion as defined by Graff [47]:

∂2u

∂t2
= C2 · ∂

2u

∂x2
(5.2)

Where u is the particle displacement in the x direction and C is the elastic wave speed given
by

C =

√
E

ρ
(5.3)

As can be deducted from equation 5.3, the elastic wave speed is different for every material.
Henceforth, the focus will be set on the elastic wave speed on the composite specimen,

Cs =

√
Es

ρs
(5.4)

The stress state at a particular x location is given by the summation of all the waves traveling
through that specific location at the time t,

σs(x, t) = σ+x(t− x/Cs) + σ−x(t+ x/Cs) (5.5)

The sub-indexes ”+x” and ”−x” refer to right and left traveling waves respectively. The
amplitude and number of waves meeting at a certain point x and time t will be given by
how many reverberations have happened up to that time t. The transmission and reflection
coefficients for each interface are defined as:

� B0: transmission coefficient of interface (a)

� B1: reflection coefficient of interface (a)

� B2: reflection coefficient of interface (b)

� B3: transmission coefficient of interface (b)

The coefficients are defined by classic wave mechanics as described by Meyers [48].

B0 =
σTs
σI

=
2 ·AIzs

AIzI +Aszs
; B1 =

σRs
σI

=
AIzI −Aszs
AIzI +Aszs

(5.6)
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The super-indexes “T”,“R” and “I” denote transmitted, reflected and incident respectively
while z is the mechanical impedance defined by

z =
√
ρE (5.7)

Interface (b) is a free boundary and therefore has a null transmission coefficient and a -1
reflection coefficient: the entirety of the stress wave is reflected accompanied by a sign change.

B2 = −1 ; B3 = 0 (5.8)

The time it takes for an elastic wave to propagate over the entirety of the specimen’s thickness
is named t0 and is calculated based on the elastic wave speed Cs as

t0 =
th

Cs
(5.9)

At this point, the X-T diagram for wave motion generated by an incident wave of arbitrary
shape σi(t), can be established and is shown in figure 5.2.
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Figure 5.2. X-T diagram for wave motion within the beam specimen.
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Each reflection at the interfaces is numbered by n = 0, 1, 2, . . . where n is the nth

reflection. The loading process starts at {t = 0 ; n = 0} where the incoming incident pulse
σi(t) is transmitted to the specimen through interface (a). As time progresses, the stress wave
experiences reflections at both interfaces. The stress state at a specific thickness location x is
given by the summation of all the incident and reflected waves passing through that point.

Let’s proceed with the analytical derivation of the stress state at a thickness location x and
time t for an arbitrary incident pulse σi(t). As shown by the X-T diagram in figure 5.2.

0 ≤ t < t0
No reflections have occurred yet, the stress σs(x, t) is given solely by the right traveling incident
wave σi(t), substituting in equation 5.5, σ+x = σ0 and σ−x = 0

σs(x, t) = σ+x + σ−x = B0 · σi
(
t− x

Cs

)
= B0 · σi

(
t− x

th
· t0
)

(5.10)

The term x/Cs accounts for the delay of the stress wave to reach the specific x location. A
quick substitution shows that at interface (a) x = 0, σa = σi(0, t) = B0 · σi(t) and at interface
(b), σb = σi(th, t) = B0 · σi(t− t0).

t0 ≤ t < 2 · t0
At this time, one single reflection has occurred, the stress σs(x, t) is given by the summation of
the right traveling wave σ+x = σ0 and the left traveling wave σ−x = σ1R.

σs(x, t) = σ+x + σ−x = B0 ·
[
σi

(
t− x

th
· t0
)

+B2 · σi
(
t− t0 −

(
1− x

th

)
· t0
)]

(5.11)

2 · t0 ≤ t < 3 · t0
At this time, two reflections have occurred, the stress σs(x, t) is given by the summation of the
right traveling waves σ+x = σ0 + σ2R and the left traveling wave σ−x = σ1R.

σs(x, t) = B0 ·
[
σi

(
t− x

th
· t0
)

+B2 · σi
(
t− t0 −

(
1− x

th

)
· t0
)

+

+ B1 ·B2 · σi
(
t− 2 · t0 −

x

th
· t0
)] (5.12)

3 · t0 ≤ t < 4 · t0
At this time, three reflections have occurred, the stress σs(x, t) is given by the summation of the
right traveling waves σ+x = σ0 + σ2R and the left traveling wave σ−x = σ1R + σ3R.

σs(x, t) = B0 ·
[
σi

(
t− x

th
· t0
)

+B2 · σi
(
t− t0 −

(
1− x

th

)
· t0
)

+

+ B2 ·B1 · σi
(
t− 2t0 −

x

th
· t0
)

+B1 ·B2
2 · σi

(
t− 3t0 −

(
1− x

th

)
· t0
)] (5.13)

Generalizing for any value of t, and introducing the normalized thickness location ξ = x/th,

σs(ξ, t) = B0·

[
N∑

n=0

F (n,B1, B2) · σi
[
t− t0 · (n+ ξ)

]
+

N∑
n=0

G(n,B1, B2) · σi
[
t− t0 · (n+ 1− ξ)

]]
(5.14)
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Where,

N =

⌊
t

t0

⌋
(5.15)

And,

F (n,B1, B2) =

{
B

b(n)
1 ·Bb(n)

2 if n is even

0 if n is odd
(5.16)

G(n,B1, B2) =

{
0 if n is even

B
c(n)
1 ·Bb(n)

2 if n is odd
(5.17)

b(n) =
n

2
; c(n) =

n+ 1

2
− 1 ; d(n) =

n+ 1

2
; (5.18)

Up to this point, the through-thickness stress state generated by the impact has been ana-
lytically derived and can be obtained for any normalized thickness location ξ at any given time t
and for any incident pulse shape σi(t). By analyzing equation 5.14, it can be seen that the stress
state at (ξ, t) is the summation of the incident wave delayed by multiples of t0 and multiplied
by the transfer and reflection coefficients of each interface. An extra delay is added by the term
ξ · t0 which takes into account the time it takes for the wave to reach the specific location ξ in
between reflections.

Therefore, the stress state at a certain point is mainly dependent on the shape of the incident
stress pulse σi(t). Different incident pulse shapes are analyzed in the following subsections in
order to understand and predict the delamination onset time and location measured experimen-
tally in Chapter 3.

5.2 Ideal Stress Pulse

As a starting point, the stress state σs(ξ, t) is derived for a compressive incident pulse of in-
finitesimal duration using the Dirac delta function with an amplitude σ0 = −1 MPa, see figure
5.3.

-1

-0.8

-0.6

-0.4

-0.2

0

i(t
) 

[M
P

a]

-1 -0.5 0 0.5 1

t [ s]

Figure 5.3. Infinitesimal stress pulse using the Dirac delta function δ(t).

Assuming σi = δ(t), where δ represents the Dirac delta function, and substituting in equation
5.14, the resulting stress distribution σs(ξ, t) is given by

σs(ξ, t) = B0 ·

[
N∑

n=0

F (n,B1, B2) · δ
[
t− t0 · (n+ ξ)

]
+

N∑
n=0

G(n,B1, B2) · δ
[
t− t0 · (n+ 1− ξ)

]]
(5.19)
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Figure 5.4. Stress distribution for an ideal incident pulse across the thickness of the specimen. B0 > 1;
B1 < 0; B2 = −1. The arrows indicate the direction of movement of the stress front, source: [P3].

Table 5.1. Material properties for interface coefficients calculation.

Property Unit Value Source

EHDPE [GPa] 0.7 [44]
ρHDPE [kg.m-3] 940 Measured
Es [GPa] 11.0 [41]
ρs [kg.m-3] 1950 Table 3.1

The resulting stress state, up to 4 t0, is shown in figure 5.4. The top row displays the stress
history of the incident pulse σi(t) over different key instants while the bottom row represents
the stress distribution across the thickness of the specimen, 0 ≤ ξ ≤ 1.

By analyzing equation 5.19, it can be anticipated that the resulting stress state will also be
a traveling stress pulse of infinitesimal duration as seen in figure 5.4 bottom. B0, B1 and B2 are
given numerical values using the material properties summarized in table 5.1.

As an illustration, the stress history at the mid-thickness of the beam, is shown in figure 5.5.
It can be seen that, for the most part, the specimen undergoes null stresses except for punctual
wave passages where the specimen sees infinitesimally short lapses of positive and negative stress.
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Figure 5.5. Stress history at mid-thickness ξ = 1/2. Black, red and blue markers represent null, tensile
and compression stresses respectively.
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Figure 5.6. Through-thickness stress state for an ideal stress pulse.

Figure 5.6 shows the extension of figure 5.5 for any 0 ≤ ξ ≤ 1 by means of a contour plot.
The X-T diagram shown in figure 5.2 is found in 5.6 with the additional information of the stress
values. It can be seen that the specimen experiments null stresses all across its thickness except
for punctual {ξ ; t} where stresses take non null values.

Even though the idealized stress pulse is a convenient tool for illustrating how the stress
state develops through the thickness of the specimen, its shape and duration are unrealistic
and hence does not provide insight as to when and where delaminations will initiate. Moving
away from the theoretical realm, it is worth turning towards the empirical data. Experimental
observations show that the impact has a finite duration that is obviously not infinitesimally
short. Experimental footage observations show that the impact has a duration between 100 and
150µs. The following section applies the 1D WMM to a more realistic incident stress pulse
shape: the finite duration square stress pulse.

5.3 Square Stress Pulse

The incident stress pulse takes a square shape of duration tp and amplitude σ0 = −1 MPa. It is
modeled via the Heaviside function as shown in figure 5.7.

σi(t) = H(t− tp)−H(t) (5.20)
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Figure 5.7. Square stress pulse of duration tp = 50µs using a combination of Heaviside functions.
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Figure 5.8. Stress distribution for a square incident pulse across the thickness of the specimen. B0 = 1.70
; B1 = −0.70 ; B2 = −1. The arrows indicate the direction of movement of the stress front.

Substituting equation 5.20 in equation 5.14 yields,

σs(ξ, t) = B0 ·

[
N∑

n=0

F (n,B1, B2) ·
(
H [t− t0 · (n+ ξ)− tp]−H [t− t0 · (n+ ξ)]

)
+

+

N∑
n=0

G(n,B1, B2) ·
(
H [t− t0 · (n+ 1− ξ)− tp]−H [t− t0 · (n+ 1− ξ)]

)] (5.21)

The stress state generated up to 3 t0 is shown in figure 5.8. The top row represents stress
history of the incident pulse σi(t) over different key instants while the bottom row represents
the stress distribution across the thickness of the specimen, 0 ≤ ξ ≤ 1.

In order to visualize the shape of equation 5.21, the development of the function is done for
ξ = 1/2 and tp = t0/2 up to t = 2 · t0.

0 ≤ t < t0

σs(1/2, t) = B0 ·

[
0∑

n=0

F (n,B1, B2) ·
(
H [t− t0 · (n+ 1/2)− tp]−H [t− t0 · (n+ 1/2)]

)
+

+
0∑

n=0

G(n,B1, B2) ·
(
H [t− t0 · (n+ 1/2)− tp]−H [t− t0 · (n+ 1/2)]

)] (5.22)

Substituting n = 0 in equations 5.16 and 5.17,

F (0, B1, B2) = 1 ; G(0, B1, B2) = 0 (5.23)

Hence,
σs(1/2, t) = B0 · (H [t− t0]−H [t− t0/2]) (5.24)
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t0 ≤ t < 2 · t0

σs(1/2, t) = B0 ·

[
1∑

n=0

F (n,B1, B2) ·
(
H [t− t0 · (n+ 1/2)− tp]−H [t− t0 · (n+ 1/2)]

)
+

+

1∑
n=0

G(n,B1, B2) ·
(
H [t− t0 · (n+ 1− 1/2)− tp]−H [t− t0 · (n+ 1− 1/2)]

)]

σs(1/2, t) = B0 ·
[
F (0, B1, B2) ·

(
H [t− t0 · 1/2− tp]−H [t− t0 · 1/2]

)
+

+G(1, B1, B2) ·
(
H [t− t0 · (2− 1/2)− tp]−H [t− t0 · (2− 1/2)]

)]
(5.25)

Substituting n = {0 ; 1} in equations 5.16 and 5.17,

F (0, B1, B2) = 1 ; G(0, B1, B2) = 0 ; F (1, B1, B2) = 0 ; G(1, B1, B2) = B2 (5.26)

Hence,

σs(1/2, t) = B0 ·
[
H [t− t0]−H [t− t0/2] +B2 ·

(
H [t− 2 · t0]−H [t− t0 · 3/2]

)]
(5.27)

By inspecting equations 5.21, 5.24 and 5.27, it can be expected that the stress history gen-
erated by an incident square stress pulse of finite duration is a succession of step functions that
cancel each other for certain time intervals and combine each other for others. The time intervals
depend on the relation between t0 and tp.

The stress history at the specimen’s mid-thickness is shown in figure 5.9 for different values
of tp. It can be seen that, the through-thickness stress alternates between tensile, null and
compressive phases of stress that are now of a finite duration and constant. This could lead to
delaminations if the tensile phases reach values over the through-thickness tensile strength for
a sustained amount of time. It can also be seen that the stress state is very dependent on the
stress pulse duration tp and, if the duration is long enough, the specimen might not be subjected
to tensile stresses at all during the observation window as seen in figure 5.9d. The longer the
pulse duration, the further in time the specimen experiences interlaminar tensile stress.

Generalizing, figure 5.10 presents a contour plot representation to visualize the stress history
at any thickness location ξ for square stress pulses of different durations tp.
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(c) tp = 30µs
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Figure 5.9. Stress history at ξ = 1/2 for different values of pulse duration tp. Black, red and blue markers
represent null, tensile and compression stresses respectively.
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Figure 5.10 shows that for shorter durations of tp, the specimen experiences periods of tensile
stress that could be compatible with delamination. However, when moving to stress pulses with
durations comparable to the experiments, see figure 5.10 bottom right, the stress model predicts
that the specimen is subjected to either compressive or null stresses. Such stress state is not
compatible with the observed delaminations.

Square incident stress pulses have been modeled analytically yielding diverse results. While
short pulse durations can generate tensile stresses within the interest window, i.e. between
15 and 25µs, it has been shown that experimental pulse durations show constant compressive
stresses which are incompatible with the observed delaminations.

Figure 5.10. Stress history σs(ξ, t) for square stress incident pulses of different durations tp.
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Table 5.2. Identified parameters for the simplified incident pulse.

Parameter Unit Value

tmax [µs] 2
tpl0 [µs] 9
tplf [µs] 90
tf [µs] 130
σmax [MPa] -188
σpl [MPa] -90

5.4 Simplified Stress Pulse

Chapter 4 describes a numerical model for the Narrow Beam Impact Test that yields satisfactory
correlation with the experimental results in terms of the overall displacement of the backside
of the beam. It was shown that a piecewise plastic model with strain-rate dependency was
sufficient to accurately model the impactor.

This section uses the numerical model built in Chapter 4 in order to extract the numerical
stress pulse transmitted from the impactor to the beam specimen. The numerical stress pulse
extracted for an impactor speed of V0 = 189 m.s-1 is shown in figure 5.11a.

In order to analytically develop the stress distribution across the thickness of the specimen,
the pulse is simplified by a stepwise function as shown in figure 5.11b. It consists of a rise phase
up to t = tmax, a relaxation phase between tmax and tpl0, then a plateau phase between tpl0 and
tplf and then a fade out phase between tplf and tf . The simplified pulse is fully defined by these
temporal parameters plus the maximum stress σmax and the plateau stress σpl.

The six parameters are identified and summarized in table 5.2 and the resulting simplification
is overlaid on top of the numerical stress pulse in figure 5.12.
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Figure 5.11. Numerical (—) and simplified (—) stress pulses, V0 = 182 m.s-1.
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Figure 5.12. Simplified (—) incident stress pulse corresponding to the identified parameters summarized
in table 5.2, source: [P3].

The incident pulse is defined as a piecewise function as follows:

0 ≤ t ≤ tmax

σi(t) =
σmax

tmax
· t (5.28)

tmax ≤ t ≤ tpl0

σi(t) =
σpl − σmax

tpl0 − tmax
· t+ σmax −

σpl − σmax

tpl0 − tmax
· tmax (5.29)

tpl0 ≤ t ≤ tplf

σi(t) = σpl (5.30)

tplf ≤ t ≤ tf

σi(t) =
σpl

tplf − tf
· t+ σpl −

σpl
tplf − tf

· tplf (5.31)

tf ≤ t

σi(t) = 0 (5.32)

Substituting equations 5.28 to 5.32 into equation 5.14, the stress history for ξ = 1/2 can be
obtained and is shown in figure 5.13.

Figure 5.13. Stress history at ξ = 1/2 for the simplified incident pulse.
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Figure 5.14. Through-thickness stress state σs(ξ, t) for a simplified pulse.

As done before in figure 5.10, figure 5.13 helps visualize the stress history at any thickness
location ξ for the simplified incident pulse. Unlike the two pulses analyzed in the previous
sections, it can be seen that the stress history exhibits a continuous stress distribution over time
with sustained phases of tensile stresses. This is a scenario that could generate delamination
since the interfaces would be under interlaminar tensile stress for a non infinitesimal period of
time.

5.5 Analytical Model vs Experimental Results

During the previous sections, an analytical model has been established in order to obtain a
closed form solution of the stress state, σs(ξ, t), as a function of the normalized thickness ξ and
time t. Equation 5.14 reprinted below represents the general form of σs(ξ, t). It can be seen
that σs(ξ, t) is strongly dependent on the shape of the incident pulse σi(ξ, t).

σs(ξ, t) = B0·

[
N∑

n=0

F (n,B1, B2) · σi

[
t− t0 · (n+ ξ)

]
+

N∑
n=0

G(n,B1, B2) · σi

[
t− t0 · (n+ 1 − ξ)

]]

An infinitesimally short pulse, square pulses of different durations and a numerically derived
pulse have been put into an analytical form for σi(t) and introduced into equation 5.14 obtaining
a complete stress history for the entire thickness of the specimen. The stress history can now
be confronted to the experimental delamination onset location and time in order to assess the
validity of the analytical model.

Figure 5.15 shows four different stress distributions σs(ξ, t) resulting from four different
incident stress pulses. The experimental delamination location and time are overlaid for every
contour plot (+).
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(a) Ideal stress pulse.
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(b) Square stress pulse tp = 10µs.
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(c) Square stress pulse tp = 120µs.
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(d) Numerically derived simplified stress pulse.

Figure 5.15. Through-thickness stress state σs(ξ, t) for different incident pulses. Experimental delamina-
tion onset (+).

Figure 5.15a shows an overall null state of stress with punctual states of tensile and com-
pressive stress. The experimental delaminations lay on areas of null stress, reinforcing the
argument that an infinitesimally short stress pulse is an idealization only valid for illustration
purposes.

Figure 5.15b shows extensive phases of tensile and compressive stresses. The experimental
delaminations are located inside a tensile stress area. However, a square stress of such short
duration is incompatible with the experimental footage, where the impact lasts between 100 and
150µs. The square pulse of short duration is therefore dismissed as a candidate for the incident
stress pulse.

As opposed to figure 5.15b, figure 5.15c shows no phases of tensile stress. This is due to the
fact that the incident pulse keeps on applying a negative pressure during the window of interest.
The stress waves that interact during the different reverberations either cancel each other or
amplify each other always with a negative sign. Here lies the difference with respect to the
short duration pulse where the applied stress rapidly vanishes and cancellation of the stresses
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cannot continue for a longer period of time. Nonetheless, the long duration square stress pulse
predicts null or compressive stresses where the experimental delaminations lay. Such stresses
are incompatible with the onset of delamination; the square stress pulse is therefore dismissed
as a candidate for the incident stress pulse.

Finally, figure 5.15d predicts maximum positive stresses exactly where delaminations are
observed experimentally, both in terms of time t and location ξ. What’s more, the positive
stresses are maintained during a relatively long period of time, allowing delamination opening
to progress. The numerically derived stress pulse is retained as a successful incident pulse.

The analytical model is therefore capable to predict the areas in the ξ−t where delamination
can initiate. Experimental measurements of onset time and duration lay inside those areas which
reinforces the validity of the analytical model.
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6. Discussion, Further Work and Conclu-
sions

6.1 Discussion and Further Work

The goal of this Ph.D. project was to better our understanding of the failure of fiber reinforced
composite panels under blast loads.

Initial field tests were conducted, under open-air conditions, using real life explosive charges
on full-scale composite panels. Such tests proved to be useful since they helped to take decisions
about the global aspects of the panel architecture. However, as the choices narrowed down
to specific lay-up architectures, the lack of real-time observability deemed the full-scale tests
unable to provide any additional insight. Furthermore, the difficulty to conduct such tests, both
in terms of logistics and repeatability, drove the project away from the open-air blast tests.

The scope of the Ph.D. project was therefore aimed at designing an experimental setup
capable of providing the same damage modes, similar loads and strain-rates as a full-scale
blast test but under controlled laboratory conditions. The Narrow Beam Impact Test was thus
designed, tested, improved and described in Chapter 2. The specimen was designed and sized in
order to maximize the observation of the onset and propagation of delamination, both through
the thickness of the specimens and along the length direction of the beam. The thickness was
defined according to the target areal mass, the length was sized in order to avoid stress wave
interaction during the first instants of the test. Upon impact, the projectiles start to deform
axially but also radially.When additional mass starts to be displaced radially, its inertia takes
it forward until it starts to wrap around the sides of the specimen and hence, obstructing
the view of the thickness surface to the cameras. In order to avoid that, a 10 % buffer was
added to the width of the specimen to prevent such wrapping. As a result, the lipping effect
was considerably reduced. This buffer undermines the initial need for narrow specimens by
challenging the hypothesis that delaminations appear simultaneously at the edge and at the
center of the specimen.

The reasons for selecting free-free boundary conditions were twofold. First, it was seen that,
in some similar studies in the literature, damage tended to initiate at the boundaries. This
goes against the aim of replicating the damage sequence observed in composite panels where
damage was seen to start at the center of the panel. Secondly, free-free boundary conditions are
the simpler and least ambiguous boundary conditions to replicate numerically. Nonetheless, the
choice of such boundary conditions enables the specimen to move out of the field of view some
time after the impact starts. The framing of the cameras must be done properly to allow for
some empty space behind the specimen in order to keep it in frame while it travels downstream.

Some of the specimens were attired with a speckle pattern in order to perform live strain
field measurements. Trial tests were performed and the spatial resolution of the cameras was
insufficient to obtain accurate measurements as the signal-to-noise ratio was unacceptably high.
Additionally, the speckle pattern breaks down as soon as delamination initiates. The DIC
software is then unable to find the facets and measurements are stopped. The average maximum
through-thickness strain-rate measured before delamination started was in the low 103 s-1 order
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of magnitude. This is consistent with the strain-rates reported in the literature for blast events.

All the detailed post processing can be done with the use of a single camera positioned
properly. The use of a second camera with a wider lens provides the experimentalist with
additional information regarding the behavior of the beam with respect to its surroundings
during the entire flight time of the projectile. A certain number of unexpected scenarios can be
identified and corrected by having this more global view. It is worth reminding that, due to the
safety precautions needed while operating a gas gun, one cannot be inside of the ballistic chamber
while the impact takes place. It is therefore impossible to have a global view of the event as one
would have when performing a quasi-static experiment. Naturally, when the material system’s
response to a familiar impact energy range is known, the experimentalist could dispense with
the second camera and move to a single camera setup.

Experiments were performed on 98 specimens and the results are reported in Chapter 3.
The NBIT experimental setup fulfilled its consistency objective since very good repeatability
was recorded. The measurements of the onset location, both time-wise and location-wise could
be done accurately although not automatically. There is still a need for human intervention
in order to identify the key frames where delaminations starts. It is left as a future work to
use automatic edge detection algorithms in order to reduce the post-processing time. A quick
improvement that could be made is to use higher end cameras with more spatial resolution. It is
worth mentioning that, although one of the selection criteria for the material of the impactor was
to reduce the impact flash as much as possible, the impact flash itself helps to identify precisely
the frame at which impact begins and hence establish a common time reference for every test.
Finally, it was observed that the number of fully propagated delaminations increases in a linear
manner with respect to the impact energy, and hence with the strain-rate. This hints to a
constant or moderate variation of the interface propagation properties, which is corroborated by
the numerical analysis performed in Chapter 4. The sub-beam formation pattern observed hints
to a shear dominated propagation phenomena, which is also corroborated by the conclusions
of the numerical analysis. A parametric study was conducted on the beam interface properties
and it was shown that the deformed shape is insensitive to variations in the normal interface
properties and very sensitive to the shear interface properties.

Finally, Chapter 5 presents an analytical model developed with the purpose of predicting
the delamination onset location and time. The model requires an incident pulse history as
an input. The pulse generated by the impactor from the numerical model is extracted and
used as an input. The analytical model is capable of predicting that the rearmost third of
the specimen’s thickness presents an area of sustained interlaminar tensile stress, which would
be compatible with the onset of delamination observed experimentally. The analytical model
does not include delamination modeling and hence its validity is limited up to delamination
onset. It is however capable of providing a through-thickness stress distribution indicating the
hotspots where delamination is more likely to initiate. The model also indicates that there are
significant stress variations within the time resolution of the cameras. It is then advised to
increase the frame rate in future work. It would also be interesting to measure the incident
pulse experimentally and compare it with the numerical pulse, this is left as a suggestion for
future work and improvement of the experimental rig.

6.2 Conclusions

The Narrow Beam Experimental Test setup has been introduced and described in detail. The
specimen design, sizing, preparation for post-processing and impactor selection are discussed.
A detailed explanation of the camera positioning and acquisition parameters is also given.
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Ninety-eight beam specimens made of E-Glass/LPET unidirectional and woven layers were
tested under similar conditions of registration, specimen marking and systematic variation of
impact energy within the range [50 - 1050] J. Damage modes are described, delamination onset
time, onset location, propagation sequence and speed were measured using high-speed photog-
raphy. The first delamination onset is observed systematically between 15 and 25µs with an
average onset time of 19µs. The onset time is shown to be insensitive with respect to the impact
energy. Delamination onset location happens in the rearmost third of the specimen’s thickness.
The onset location is constant for Damage Mode #1 at 2/3 of the thickness and migrates towards
the back of the specimen as the impact energy increases. It does so by triggering changes in
the damage mode number. The number of fully propagated delaminations with respect to the
impact energy shows a linear correlation, indicating that the critical energy release rates for
delamination propagation remain fairly constant within the impact energy range analyzed. The
delamination propagation speed was measured and the propagation history was analyzed iden-
tifying three different zones of propagation where speeds vary. The average propagation speed
of the first propagation zone is approximately 1700 m.s-1.

The footage of specimens below the damage energy threshold and of specimens that endured
in-plane layer failure was analyzed. The dynamic effect on the longitudinal Young’s modulus
was quantified by measuring beam vibration frequencies after impact. Additionally, in-plane
compressive strength was derived via measurements of the specimens curvature. It was concluded
that the dynamic Young’s modulus increases by 26 % and the dynamic in-plane compressive
strength doubles, both with impact energies up to 463 J.

A numerical model using the explicit finite element commercial code LS-DYNA has been
built and correlated with experimental results in terms of the specimen’s deformed shape. A
strain-dependent material model for the impactor has been implemented using dynamic material
properties from available literature. Two different contact formulations for delamination mod-
eling have been evaluated. A parametric study was carried out in order to assess the dynamic
effect on the interface properties during a Narrow Beam Impact Test. The results showed an
increase of 79 % in the interlaminar normal strength ILNS and a 10 % increase in the mode II
critical energy release rate GIIC . The insensitivity shown by the normal strength parameters is
in contrast with the expected increase reported in the literature. This indicates that the NBIT
generates a shear dominated delamination propagation where the normal interface properties
play a lower order role. The strain-rates endured by the beam were extracted from the numerical
model and are within the 103 - 104 s-1 range during the entire damage onset and propagation
phase reaching peak values of 2.25× 104 s-1 during the first 25µs.

Finally, an analytical model based on 1D wave mechanics is applied and extended in order to
obtain a closed form expression of the through-thickness stress distribution across the specimen’s
thickness given that the incident pulse is known. The model is able to predict the areas where
the through-thickness stress is tensile and sustained in time. Such areas coincide, in time and
location, with the experimental first delamination onset.

The full damage timeline developing through the thickness of thick monolithic E-Glass/LPET
composites has been observed, measured and established. The Narrow Beam Impact Test can
be used as a solution for increasing the test cadence and repeatability on innovative composite
configurations. It is the author’s wish that the understanding provided by this project be
useful for designers in charge of optimizing the lay-up of composite panels to be used as passive
protection against blast threats.
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I. V. Pérez REFERENCES

[26] B P Russell, K Karthikeyan, V S Deshpande, and N A Fleck. The high strain rate response
of Ultra High Molecular-weight Polyethylene: From fibre to laminate. International Journal
of Impact Engineering, 60:1–9, 2013. doi: 10.1016/j.ijimpeng.2013.03.010.

[27] A Gargano, K Pingkarawat, M Blacklock, V Pickerd, and A P Mouritz. Comparative
assessment of the explosive blast performance of carbon and glass fibre-polymer composites
used in naval ship structures. Composite Structures, 171:306–316, 2017. doi: 10.1016/j.
compstruct.2017.03.041.

[28] A Gargano, K Pingkarawat, V L Pickerd, M E Ibrahim, and A P Mouritz. Effect of
fibre-matrix interfacial strength on the explosive blast resistance of carbon fi bre laminates.
Composites Science and Technology, 138:68–79, 2017. ISSN 0266-3538. doi: 10.1016/j.
compscitech.2016.11.009.

[29] V L Tagarielli, V S Deshpande, and N A Fleck. The dynamic response of composite
sandwich beams to transverse impact. International Journal of Solids and Structures, 44:
2442–2457, 2006. doi: 10.1016/j.ijsolstr.2006.07.015.

[30] G S Langdon, C J Von Klemperer, B K Rowland, and G N Nurick. The response of
sandwich structures with composite face sheets and polymer foam cores to air-blast load-
ing: Preliminary experiments. Engineering Structures, 36:104–112, 2012. doi: 10.1016/j.
engstruct.2011.11.023.

[31] G S Langdon, D Karagiozova, C J Von Klemperer, G N Nurick, A Ozinsky, and E G
Pickering. The air-blast response of sandwich panels with composite face sheets and polymer
foam cores: Experiments and predictions. International Journal of Impact Engineering, 54:
64–82, 2013. doi: 10.1016/j.ijimpeng.2012.10.015.

[32] Erheng Wang, Nate Gardner, and Arun Shukla. The blast resistance of sandwich composites
with stepwise graded cores. International Journal of Solids and Structures, 46:3492–3502,
2009. doi: 10.1016/j.ijsolstr.2009.06.004.

[33] Demet Balkan and Zahit Mecito. Nonlinear dynamic behavior of viscoelastic sandwich
composite plates under non-uniform blast load: Theory and experiment. International
Journal of Impact Engineering, 72:85–104, 2014. doi: 10.1016/j.ijimpeng.2014.05.003.

[34] Srinivasan Arjun Tekalur, Alexander E Bogdanovich, and Arun Shukla. Shock loading
response of sandwich panels with 3-D woven E-glass composite skins and stitched foam
core. Composites Science and Technology, 69:736–753, 2009. doi: 10.1016/j.compscitech.
2008.03.017.

[35] H Arora, P A Hooper, and J P Dear. Dynamic response of full-scale sandwich composite
structures subject to air-blast loading. Composites Part A, 42:1651–1662, 2011. doi: 10.
1016/j.compositesa.2011.07.018.

[36] B P Russell, T Liu, N A Fleck, and V S Deshpande. The soft impact of composite sandwich
beams with a square-honeycomb core. International Journal of Impact Engineering, 48:65–
81, 2012. doi: 10.1016/j.ijimpeng.2011.04.007.

[37] G S Langdon, W J Cantwell, Z W Guan, and G N Nurick. The response of polymeric
composite structures to air-blast loading: a state-of-the-art full critical review. International
Materials Reviews, 59:159–177, 2014. doi: 10.1179/1743280413Y.0000000028.

89



REFERENCES

[38] Søren Giversen. Blast Testing and Modelling of Composite Structures. PhD thesis, Technical
University of Denmark (DTU), 2014.

[39] K Karthikeyan, B P Russell, N A Fleck, M O’masta, H N G Wadley, and V S Deshpande.
The soft impact response of composite laminate beams. International Journal of Impact
Engineering, 60:24–36, 2013. doi: 10.1016/j.ijimpeng.2013.04.002.

[40] D. D. Radford, V. S. Deshpande, and N. A. Fleck. The use of metal foam projectiles to
simulate shock loading on a structure. International Journal of Impact Engineering, 31(9):
1152–1171, 2005. ISSN 0734743X. doi: 10.1016/j.ijimpeng.2004.07.012.

[41] Helmuth Toftegaard. Low strain rate material characterization of E-glass / LPET. Resist
reports D26A and D27A. Technical Report June, Technical University of Denmark (DTU),
2012.

[42] Livermore Software Technology Corporations (LSTC). LS-DYNA Keyword User’s Manual
Volume I. Livermore Software Technology Corporations (LSTC), 2016. ISBN 9254492507.

[43] En Brown, RB Willms, GT Gray III, PJ Rae, CM Cady, KS Vecchio, J Flowers, and
MY Martinez. Influence of Molecular Conformation on the Constitutive Response of
Polyethylene: A Comparison of HDPE, UHMWPE, and PEX. Experimental Mechanics,
47:381–393, 2007. doi: 10.1007/s11340-007-9045-9.

[44] Mohd Firdaus Omar, Hazizan Md Akil, and Zainal Arifin Ahmad. Effect of molecular
structures on dynamic compression properties of polyethylene. Materials Science and En-
gineering A, 538:125–134, 2012. doi: 10.1016/j.msea.2011.12.111.

[45] Weicheng Cui, Tao Liu, Jianxin Len, and Rongbiao Ruo. Interlaminar tensile strength
(ILTS) measurement of woven glass/polyester laminates specimen using four-point curved
beam. Composites Purt A 27A, pages 1097–105, 1996.

[46] Helmuth Toftegaard. Fracture resistance of E-glass/LPET and S2-glass/PA6. RESIST
reports D40B and D41B. Technical Report June, 2013.

[47] Karl F. Graff. Wave motion in elastic solids. Clarendon Press, 1975. ISBN 0198561180.

[48] Marc Andr Meyers. Dynamic Behavior of Materials. John Wiley & Sons, Inc., Hoboken,
NJ, USA, sep 1994. ISBN 9780470172278. doi: 10.1002/9780470172278.

[49] Geoffrey Taylor. The Use of Flat-Ended Projectiles for Determining Dynamic Yield Stress.
I. Theoretical. Technical Report 1038, The Royal Society of London, 1948.

[50] I. M. Hutchings. Estimation of yield stress in polymers at high strain-rates using G.I.
Taylor’s impact technique. Journal of the Mechanics and Physics of Solids, 1978. ISSN
00225096. doi: 10.1016/0022-5096(78)90001-7.

[51] P B Bowden and A Jukest. The Plastic Flow of Isotropic Polymers*. JOURNAL OF
MATERIALS SCIENCE, 7:52–63, 1972.

[52] B J Briscoe and I M Hutchings. Impact yielding of high density polyethylene. Polymer, 17:
1099–1102, 1976.

[53] S. N. Kukureka. Measurement of the mechanical properties of polymers at high strain rates.
Deformation, Yield and Fracture of Polymers, International Conference, 1982.

90
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A. Dynamic Testing of HDPE

This section summarizes the contents of [P2].

A.1 The Taylor test for metals

During the search for an appropriate material model for the HDPE impactor, Taylor Tests were
performed on HDPE impactors in order to asses their dynamic flow stress.

The Taylor Test is an experimental method for measuring the dynamic flow stress of metals
devised by Sir Geoffrey Taylor during the 1940s, [49]. The test consist of shooting a cylindrical
projectile against a steel anvil and measuring the residual deformed shape after impact. Based
on the post-impact measurements, the experimentalist can derive the dynamic flow stress of the
material, S1. The dynamic flow stress corresponds to {σy|Et=0} in figure 4.13 right.

L
L1

X

Before impact After impact

Figure A.1. Impactor geometry before and after a Taylor Test on a metallic projectile, source [P2].

The test was very useful in the era before high-speed digital imagery existed since no mea-
surement needed to be taken during the impact phase, the derivation could be done by measuring
X and L1 as depicted in figure A.1 and by using equation A.1.

S1
ρp · V 2

0

=
L−X

2(L− L1)
· 1

ln(L/X)
(A.1)

Where ρp and V0 are the impactor density and velocity respectively.

A.2 The Hutchings extension to polymers

Taylor assumed a perfectly plastic behavior of the material in order to establish equation A.1.
Hutchings [50] tested the method in polymers and concluded that the Taylor theory behind the
test had to be reformulated in order to be applied to polymers. He did so and extended the
theory to polymers by challenging Taylor’s assumption by applying an elastic-plastic model to
the material. He proposed a two-parameter material model incorporating yield strain and yield
stress. Like Taylor’s theory, Hutchings’ theory is based on measuring the post impact shape of
the impactor. Combined with the density and velocity of the impactor, he derived a system of
four non-linear equations to be solved iteratively.
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Table A.1. Literature review on experimental methods for dynamic testing of HDPE.

Author Year Experimental Method Reference

Bowdens and Jukes 1972 Uni-axial compression SH machine [51]
Amuzu and Briscoe 1975 Not reported [-]
Briscoe and Hutchings 1976 Uni-axial compression SH machine [52]
Briscoe and Hutchings 1976 Drop Weight Tower [52]
Briscoe and Hutchings 1976 Taylor Impact Test - Taylor Theory [52]
Kukureka and Hutchings 1982 Taylor Impact Test - Hutchings’ Theory [53]
Briscoe and Nosker 1985 Uni-axial compression SH machine [54]
Briscoe and Nosker 1985 SHPB [54]
Brown et al. 2007 Uni-axial compression SH machine [43]
Brown et al. 2007 SHPB [43]
Brown et al. 2007 Taylor Impact Test - Taylor Theory [43]
Omar et al. 2012 Uni-axial compression SH machine [44]
Omar et al. 2012 SHPB [44]
Nakai et al. 2015 Uni-axial compression SH machine [55]
Nakai et al. 2015 SHPB [55]
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1972 [Bowden and Jukes] ; Uni-axial compression SH

1975 [Amuzu and Briscoe] ; Not reported

1976 [Briscoe and Hutchings] ; Uni-axial compression SH

1976 [Briscoe and Hutchings] ; Drop-Weight

1976 [Briscoe and Hutchings] ; Taylor Impact

1981 [Kukureka and Hutchings] ; Taylor Impact - Hutching´s method

1985 [Briscoe and Nosker] ; Uni-axial compression SH

1985 [Briscoe and Nosker] ; SHPB

2007 [Brown et al.] ; Uni-axial compression SH
2007 [Brown et al.] ; SHPB

2007 [Brown et al.] ; Taylor Impact
2012 [Omar et al.] ; Uni-axial compression SH

2012 [Omar et al.] ; SHPB
2015 [Nakai et al.] ; Uni-axial compression SH

2015 [Nakai et al.] ; SHPB

Figure A.2. Dynamic flow stress S1 values extracted from literature, source: [P2].

A.3 State of the art in 2020

The method had evolved and was still usable without high-speed imaging and resting solely on
post-mortem measurements. As the decades passed, the scientific community took advantage of
new experimental methods and several papers can be found nowadays that measure the whole
strain-stress curve of HDPE using other experimental techniques. The most commonly used
being the Split Hopkinson Pressure Bar. Table A.1 shows a summary of existing literature
regarding the measurement of the dynamic flow stress of HDPE and figure A.2 plots the values
of S1 extracted from the literature.

A.3.1 Combining high-speed photography and the Taylor test

In order to validate the material model of the impactor. Taylor tests were performed where an
HDPE impactor was propelled against a steel anvil. The impactor is attired with lines along
its circumference spaced every 10 mm in order to be tracked using image tracking software, see
figure A.3. The aim being to compare the displacement history of every line with their FE
equivalent. An example of the displacement tracking can be found in figure A.4.

While doing so, the residual shape of the specimen was also measured and here is where
the author tried to apply Taylor’s and Hutchings’ method to derive a dynamic flow stress. The
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Figure A.3. HDPE projectiles with circumferential lines for displacement tracking.

Figure A.4. x position history of the impactor tracking lines.

dilemma arises when measuring the residual length of the impactor L1. This measurement is
straightforward on metallic impactors since they retain a flat end after impact as schematically
depicted in figure A.1 but not on polymer impactors. Such impactors present a severe concavity
at the impact end as shown in figure A.5, rendering the measuring of the residual length am-
biguous since it can be measured at the outer edge of the impactor’s end or at its centerline,
as shown in figure A.5c. The experimentalist can then measure two residual lengths at different
locations, LAx and LEd, substitute them in equation A.1 and obtain different values of dynamic
flow stress S1. Figure A.6a shows the two measurements performed for a 50 mm HDPE impactor
tested against a steel anvil and figure A.6b shows the derived value for S1 using equation A.1.

(a) Side view. (b) Oblique view. (c) Residual lengths.

Figure A.5. Concave residual shape of an HDPE impactor after impact, source: [P2].

A first analysis of figure A.6b shows very high values for the derivation of S1 associated with
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(b) Resultant dynamic flow stress S1.

Figure A.6. Normalized residual length and resultant dynamic flow stress S1 for measurements at the
edge of the specimen (���) and at its axis (◦).

LEd since the reported data in the literature peaks at values around 60 MPa. What’s more, the
increasing relation with the impactor speed is also not plausible since the value stagnates at
around 60 MPa again as shown by literature. The values of S1 associated with LAx are also not
realistic since they show a decreasing trend with increasing impactor speed. Additionally the
values exceed what could be expected according to literature, specially for impactor velocities
under 200 m.s-1.

At this point, [P2] introduces a new length measurement by means of high-speed photog-
raphy: the length of maximum compression. By measuring the length of the impactor as it
deforms during the impact, the length of maximum compression LMC is defined as the min-
imum distance between the back (•) and the front edge of the impactor (•) as seen in figure
A.7.

Figure A.7. Impactor length evolution during impact, L0 = 50 mm and LMC extraction, source: [P2].

By using LMC as L1 in equation A.1, a quasi-constant value for S1 with respect to the
impactor velocity is obtained as shown in figure A.8.

Finally, the obtained values of dynamic flow stress S1 are averaged and plotted against the
literature data in figure A.9 (+). It can be seen that the obtained averaged value using the
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Figure A.8. Resultant dynamic flow stress S1 for measurements at the edge of the specimen (���), at its
axis (o) and using the length of maximum compression (+), source: [P2].

classical Taylor method in conjunction with high-speed photography is in good agreement with
the reported values in the literature using other experimental techniques.

It is concluded that the Taylor method is suitable to be applied to high density polyethylene
impactors if combined with high-speed photography. Although this compromises the initial crave
for simplicity of the Taylor tests, the cost and usability of modern high-speed photography make
it possible to apply the Taylor theory to HDPE.
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This Work

Figure A.9. Dynamic flow stress S1 values extracted from literature.
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Abstract 
The increased presence of composite materials in lightweight structures has led to an interest in 

fiber-reinforced plastics as protective solutions for light armoured vehicles against blast threats. The 
existing experimental setups differ greatly on the method used for load application when attempting 
to reproduce real-life blast loads in analysis. The existing setups offer little insight into the damage 
timeline developing through the thickness of thick laminates, allowing only for post-mortem 
inspections that can lead to contradictory conclusions. This paper describes an experimental setup, 
combining high speed photography and Digital Image Correlation (DIC), capable of reproducing 
localised blast strain-rate levels on thick composite laminates under controlled and reproducible 
laboratory conditions. The use of high speed cameras, DIC and a tailored specimen design, allows for 
observing and tracking the damage as it propagates through the thickness of the laminate. The results 
obtained for a set of E-Glass/polyester laminates are presented. Real-time observation of through-
thickness delamination onset, in-plane delamination propagation tracking, transient backside 
deflection, and impactor deformation history are reported. The impactor material selection process is 
also discussed. 

 
Keywords: Soft Impact, Composite Materials, Monolithic, Digital Image Correlation, Delamination. 

 
1. Introduction 

 
The increasing use of fibre-reinforced composites in 

civilian and military structures driven by their weight 
saving potential, especially in the airspace and naval 
industries, has led to a growing exposure of composite 
structures to blast threats. Research on blast threats in 
composites can be subdivided based on the 
component’s architecture, into studies about sandwich 
structures, prevalent in the naval, aerospace and wind 
energy industries, and monolithic fibre-reinforced 
composites, commonly used in aerospace structures 
and land vehicles. 

The work reported in [1]–[8] studied the dynamic 
response of sandwich structures to blast loads focusing 
on different aspects of the sandwich architecture. 
Tagarielli et al. [1], Langdon et al. [5] and [7] studied 
the impact of different densities of PVC foam cores on 
the dynamic strength of composite sandwich beams. 
Pursuing this line of research, Wang et al. [3] 
investigated the dynamic properties of sandwich 
structures with stepwise styrene graded cores. Other 
researchers focused on the internal structure of the 
core itself, Balkan et al. [8] studied the effect of 
different sizes of honeycomb structures under air blast 
using a shock tube. Tekalur et al. [2] investigated the 

effect on the dynamic properties of sandwich 
composites with 3D woven fibres embedded through a 
foam core with different levels of stitching density. 
Arora et al. [4] performed a thorough investigation of 
the influence of boundary conditions on full-scale 
sandwich panels subjected to far-field blast loading 
generated by explosive charges. 

Studies [9]–[15] investigated the effects of different 
architecture variations on the dynamic properties of 
monolithic composites. Comtois et al. [9] studied the 
influence of carbon vs glass fibres in epoxy resin 
composites under small explosive charges. Mouritz et 
al. [10] examined the effect of different densities of 3D 
stitching in glass fibre composites. Tekalur et al. [11] 
investigated the blast resistance of different 
combinations of polyurea and glass fibre layered 
composite materials. Tekalur et al. [12] investigated 
the influence of carbon fibre versus glass fibre on vinyl 
ester resin composites. Russel et al. [16] evaluated the 
enhancement in blast resistance properties of Ultra 
High Molecular Weight PolyEthylene (UHMWPE) fibre 
composites. Gargano et al. [14] and [15] studied the 
effects of fibre-matrix bonding agents on monolithic 
composites used in the naval field. 

Although the cited studies tend to make a clear 
distinction between both architectures, Tagarielli et al. 
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[1], Russel et al. [6] and Langdon et al. [7] studied both 
monolithic and sandwich composites with equal areal 
mass allowing for comparisons between both 
fundamental architectures. 

Langdon et al. [17] produced a thorough and 
commendable state-of-the-art review up to 2014 of 
the response of polymer composite structures to 
localised air-blast loading. 

At first glance, the literature seems to be rich in 
studies regarding the effects of blast loading in fiber-
reinforced composites. However, the reported studies 
have in common that the architectures investigated 
address design specifications other than blast 
resistance. They are representative of structures 
originally designed to fulfil structural functions such as 
flight or sail manoeuvres, and not to be a first line of 
defence against blast threats. This translates into thin 
monolithic composites (<10 mm) and into areal masses 
for both monolithic and sandwich composites below 15 
kg.m-2. The composite configurations targeted by this 
paper are thick monolithic laminates with thicknesses 
above 20 mm with an areal mass between 40 and 50 
kg.m-2 equivalent to armour steel plates between 5 and 
6 mm thick. 

The largest part of the existing literature applies 
pressures below 10 MPa and specific impulses below 
10 MPa.ms. However, when the structure is subjected 
to direct deliberate blast load, such as IEDs (Improvised 
Explosive Devices), the explosive charges are above 1 
kg and stand-off distances are relatively close (<400 
mm), yielding peak pressures between 100 and 800 
MPa. Figure 1 illustrates the scope of the existing 
literature, depicting the reflected specific impulse 
ir.W1/3 vs the areal mass (AM) of the specimens. NATO 
STANAG threat levels 2 to 4 for protection levels for 
occupants of logistic and light armoured vehicles are 
also included as a reference. 

As seen in Figure 1, there is a gap in the literature 
with respect to the blast resistance of thick composite 
materials, i.e. AM > 40 kg.m-2, subjected to high 
explosive loads in the near-field range. 

The reviewed literature is also rich in load 
application methods such as the shock tube, low 
explosive charges, low velocity impact and metal foam 
impactors. All of them aiming to simulate the loading 
of an air blast. It can then be inferred that there is a 
general trend to avoid testing with high explosive 
charges. This can be explained by several factors. 

On the one hand, testing with high explosive 
charges in the near field range requires adequate 
testing facilities that are not easy to secure. Certified 

personnel is needed for handling explosives and 
detonators. A testing site with proper isolation far 
away from civilian activity needs to be available. 

 

 
Figure 1: Reflected impulse ir.W1/3

 vs areal mass for the reported 
literature. The reflected impulse for the STANAG reference threat is 
calculated as a lower boundary of the reflected impulse, 
disregarding the surplus impulse generated by the extra 
confinement due to a buried threat. 

On the other hand, the difficulty to perform 
measurements during such blasts tests adds to the 
complexity of the experimental setup. Pressure gages, 
filming equipment, laser probes etc. are often fragile 
pieces of equipment that risk being damaged during an 
explosive blast. Furthermore, the explosion cloud often 
engulfs the test specimen obstructing the recording of 
the response during the initial phases where damage is 
generated. 

Consequently, most of the observations on the 
specimens are performed post-mortem, see Figure 2, 
occasionally leading to contradictory results between 
different studies. For instance, Tagarielli et al. [1] found 
that lower core densities outperform higher core 
densities whereas Langdon et al. [5] came to the 
opposite conclusion. 

Attempts were made towards obtaining a more 
controlled environment while dealing with explosive 
charges. Giversen [18] investigated the possibility of 
testing the composite panels inside a contained space 
with real explosive and used DIC to monitor the back 
face of the composite plate. Giversen’s experimental 
setup yielded satisfactory results with charges up to 
250g. He noticed a significant relative movement of the 
composite plate with respect to its clamping frame 
with charges above 250g. Hence, limiting the 
reproducibility and numerical simulation of the test. 
Although Giversen’s experimental setup addresses the 
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need of military personnel and of an isolated facility for 
carrying away such tests, it falls short when it comes to 
the instrumentation of the specimens. As stated by 
Giversen in his PhD Thesis, pressure measurements 
were attempted but high inconsistency was observed. 
Finally, Giversen’s experimental setup lacks of through-
thickness observations and was unable to capture the 
damage initiation due to the low frame rate used 
(10.000 fps). 

 

 
Figure 2: Post-mortem state of a 44 kg.m-2 composite panel 
subjected to 2 kg of explosives in the near-field range. 

This paper aims at describing an experimental setup 
capable of providing the same strain-rate levels and 
failure modes as those of real-life blast scenarios but 
with the advantages of being compact, fast to operate, 
repeatable and feasible inside monitored laboratory 
conditions. The experimental setup consists of a thick 
composite beam subjected to impact at its mid-span by 
a soft polyethylene impactor while recorded sidewise 
by High Speed (HS) cameras. Using time resolutions 
down to 5 μs, the onset location and timing of 
delaminations can be captured. The experimentalist 
can observe and track the through-thickness damage 
propagation in real-time under high strain-rate 
loading.  

 

2. Experimental setup 
 
The purpose of this experimental setup is to 

observe the damage timeline through the thickness of 
a thick section composite laminate. The meaning of 
damage timeline is twofold: it is firstly intended to spot 
damage initiation both in terms of time and location, 
and secondly to observe and measure the propagation 
of such damage, both through-thickness and along the 
longitudinal direction of the laminate. 

The experimental setup presented exposes the 
thickness of the composite laminate directly to the 

field of view of two high speed cameras, that, under 
adequate lighting and acquisition parameters are able 
to capture accurately the events happening through 
the thickness of the laminate. The experimental setup 
consists of: 

 

 Beam specimen 

 Specimen positioning rig 

 Impactor 

 Gas gun 

 Dry compressed air system 

 Image acquisition system 

 Lighting 
 
The overall mechanics of the test consists in 

subjecting a composite beam to an impact at the 
centre of its top surface with a soft impactor while 
filming the event from a sidewise perspective, leaving 
the thickness exposed. See Figure 3 for a sketch of the 
test setup and Figure 4 for a detailed focus on the 
specimen positioning with respect to the HS cameras. 

The impact is inflicted by a soft cylindrical impactor 
propelled by a gas gun inside a ballistic chamber with a 
wooden lining to reduce ricochet. 

 

2.1. Specimen design 
 

2.1.1. Reducibility of the full-scale panel conditions 
When a composite panel is subjected to a blast 

load, the observation of the timeline of events 
happening through the thickness is generally not 
possible. Only the final state of the panel is visible 
post-mortem, either on a fully defeated panel or in 
a partially defeated panel that has been cut to 
expose its thickness to the observer. This paper 
introduces beam specimens that have been cut 
from pristine composite panels. It is acknowledged 
by the authors that the stress-state is not directly 
transferrable from a composite panel to a beam 
specimen. The intention not being scaling directly 
from a beam specimen to a panel specimen, but 
having a controllable experiment which can provide 
realistic material behaviour to be compared with a 
simplified modelling setting. The composite beam 
can be seen as a virtual cut-out of the panel offering 
an excellent window for the experimentalist to look 
through. 
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Figure 3: Sketch of the entire experimental setup. 

 
 
 
 
 
 
 

 
Figure 4: Close-up sketch of the exposed thickness of the beam specimen with respect to the High Speed  cameras. 

 



[5] 
 

2.1.2. Beam geometry 
 

The specimens were designed in order to ensure 
that the stress waves travelling through-thickness 
fully develop in the specimen before reflection of 
the longitudinal stress waves at the free edges of 
the specimen. It was decided that at least one back 
and forth propagation of the through-thickness 
stress waves needed to occur before free edge 
reflection. 

 A beam specimen with a square cross-section 
geometry is proposed, see Figure 5. 
 

 
Figure 5: Beam geometry and laminate reference axes. 

The beam thickness, th, is defined in order to obtain 
an areal mass of 43 kg.m-2, equivalent to a 5.5 mm thick 
armour steel plate. Given a measured density value of 
ρ = 1950 for a laminate made of E-Glass fibres and a 
low melting polyester resin (LPET) with a fiber weight 
raction of 0.64, the resulting beam thickness was then 
22 mm. 

The beam length, L, is calculated in order to 
respect the wave condition stated at the beginning 
of this section. The travel time over the entire 
thickness back and forth, t2th, of a through-thickness 
stress wave can be expressed in terms of the 
travelled distance, 2*th, and the trough-thickness 
wave speed, cth: 
 

𝑡2𝑡ℎ =
2 ∗ 𝑡ℎ

𝑐𝑡ℎ
 (Eq. 1) 

 
The travel time from the impact point until the 

free end of the beam, i.e. over the half-length of the 
beam, tL/2, of a longitudinal stress wave can be 
expressed in terms of the travelled distance, L/2, 
and the longitudinal wave speed, cL: 
 

𝑡𝐿/2 =
𝐿/2

𝑐𝐿
 

(Eq. 2) 
 

By enforcing tL > tth, and rearranging,  
 

𝐿 > 4 ∗ 𝑡 ∗
𝑐𝐿

𝑐𝑡ℎ
 (Eq. 3) 

 
It can be stated that the stress propagation 

speed in a specific direction is proportional to the 
square root of the Young’s modulus in that specific 
direction. Hence, 

𝐿 > 4 ∗ 𝑡ℎ ∗ √
𝐸𝐿

𝐸𝑡ℎ
 (Eq. 4) 

 
Taking a literature value of EL/Eth ≈ 4 for a 

glass/polyester laminate, Kara et al [19],  
 

𝐿 > 4 ∗ 𝑡 ∗ √4 > 8 ∗ 𝑡ℎ > 166 𝑚𝑚 (Eq. 5) 

 
Initial tests demonstrated that a length of 240 

mm was sufficient to fully develop through-
thickness damage before reflection of the structural 
waves from the free ends of the beam. 

The width was taken as 20 mm in order to fit the 
diameter of the available gun barrel, the goal being 
observing the post impact events occurring as close 
to the impact centre as possible. 

The final dimensions of the beam specimens are 
reported in Figure 6. 
 

 
Figure 6: Beam dimensions and laminate reference axes. 

 

2.2. Specimen positioning rig 
A specimen positioning rig was designed in order to 

enhance reproducibility of the tests and to ensure a 
centred impact. The rig is depicted in Figure 7 and 
consists of two aluminium plates attached to a wooden 
fixture secured to the gun barrel. 

 

 
a) b) 

Figure 7: Specimen positioning rig: a) photography, b) 
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schematic. 

A series of adjusting screws are used for precision 
positioning.Vertical positioning is provided by two 
bottom adjusting screws (A), avoiding the beam 
specimen from falling down because of gravity. 

Two top adjusting screws (B) and two bottom 
adjusting screws (C) ensure overall lateral positioning 
and avoid beam tilting. 

Two elastic bands apply a slight pressure in order to 
maintain contact between the specimen and the 
adjusting screws. 

This rig assures compatibility with different beam 
specimens no matter the thickness, making it 
compatible with different material systems. 

2.3. Boundary conditions 
 
The boundary conditions provided by the 

positioning rig are free-free. The reasons behind this 
are twofold: 

1. The unambiguity of the experiment in 
comparison with a numerical modelling as free-
free boundaries are the simplest to model. 

2. Clamped or simply supported boundary 
conditions are generally a problem as they tend 
to be initiators of failure, see Russel et al. [6] and 
Karthikeyan et al. [20]. 

 

2.4. Loading 
 
The load is generated via the impact of a cylindrical 

soft impactor of length L0 = 50 mm and diameter ø0 = 
19.8 mm.  

The impact point is located at the mid-span of the 
beam’s length. 

The speed of the impactor is controlled via the 
pressure of the propellant gas. The measurement of 
the resulting speed is done by means of image tracking, 
see section 3.4. 

 
2.4.1. Impactor selection 

 
The main criterion for impactor selection is its 

ability to generate a pressure load that initiates 
delamination without penetration. Secondly, the 
impactors need to be compatible with the image 
capturing system in terms of reduced impact flash and 
impactor debris.  

The impact flash is a sudden emission of very bright 
light happening during the first instants of the impact, 
see Figure 9. The physics behind it are beyond the 
scope of this paper. 

The perfect impactor should generate as little 
impact flash as possible and avoid debris generation by 
shattering. Russel et al. [6] and Karthikeyan et al. [20] 
also performed soft impact on composite specimens. 
They did so by using metal foam impactors. Metal foam 
impactors have the advantage of having analytically 
derivable closed-form equations for the pressure 
history as demonstrated by Radford et al. [21]. 
However, metal foam impactors disintegrate almost 
instantaneously after impact, generating a cloud of 
debris that obscures the view of the composite 
specimen rendering the observation of the 
development of the first stages of damage impossible, 
see Figure 8. 

 

 
a) 

 
b) 

Figure 8: Cloud of debris resulting from two different material 
systems under metal foam impactor. Sources: a) Russel et al. [6] ; b) 
Karthikeyan et al. [20]. 

The following impactors were tested: 

 Nylon (PA6) 

 Polyvinyl Chloride (PVC) 

 Polyoxymethylene (POM) 

 High Density Polyethylene (HDPE) 

 Polyurethane-foam (PU) 

 Aluminium (AL) 
 

Different results in term of debris generation, 
impact flash and impact severity were observed. 
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PA6 impactors generated the most intense impact 
flash, see Figure 9. Although the duration of the impact 
flash is very brief, generally under 10 μs, it is desirable 
to avoid it as it can interfere with other optical 
measurements systems such as laser distance sensors 
and image tracking software. 

 

 
Figure 9: Impact flash generated by a PA6 nylon impactor. 

Both PU and PVC impactors shattered on impact, 
see Figure 10, generating a cloud of debris and 
therefore, reducing the visibility of the damage 
propagation phenomena. 

 

  
Figure 10: PU and PVC impactors shattering on impact. 

HDPE impactors showed no shattering at all but 
experienced high plastic deformation, see Figure 11. 
This scenario is both advantageous and 
disadvantageous. The high plastic deformation of the 
HDPE impactors is a sign of a soft impact scenario, but 
at the same time, introduces more difficulty when 
finding a suitable material model for a finite element 
simulation of the experiment. 

 

 
Figure 11: Pristine impactor (left) vs deformed shape after 

impact (right) 

 
Aluminium impactors generate more severe impact 

loads, venturing into the borders of the ballistic 
regime. Although aluminium impactors also 
experience shattering, see Figure 12 a), they tend to 
burst into a flower petal pattern when shattering, see 
Figure 12 b), yielding coarser fragments that do not 
disperse into a cloud of debris that stays on frame and 
obscures the view. Petal fragments are aggregated 
bulks of matter that maintain their momentum and 
tend to move away from the camera field of view, 
reducing their interference with the imaging 
equipment. 

 

  
a) b) 

Figure 12: Aluminium impactor, a) impactor fragment; b) 
flower petal shattering pattern. 

 
2.4.2. Dry compressed air system 

 
Previous test iterations showed a cloud of blurred 

air exiting the barrel and engulfing the specimen 
before the impactor hit the specimen. It was concluded 
that humidity present in the air directly pumped from 
the outside of the building condensed inside the 



[8] 
 

chamber due to the high pressures and then was 
expelled along with the propellant gas that precedes 
the impactor. The resulting cloud engulfed the 
specimen and obscured the view to the point of 
rendering the results unusable. 

The issue was tackled by feeding the compressor 
with air that was pre-dried. 

 

2.5. Image Acquisition 
 
The genuine purpose of this experimental setup is 

to observe the timeline of damage that develops 
through the thickness of a monolithic thick laminate. 
The observation is done via two Phantom V2512 (HS) 
cameras located at the same standoff distance from 
the specimen 

 
2.5.1. Field of view 

 
Camera 1 is located parallel to the thickness plane 

of the beam specimen and is equipped with a Zeiss-
Macro Planar 100 mm lens allowing for a close-up Field 
Of View (FOV). The parallel positioning of the camera 
with respect to the beam through thickness direction 
allows for 2D DIC measurements. Camera 2 is located 
slightly tilted with respect to Camera 2 and is equipped 
with a Zeiss-Macro Planar 50 mm lens yielding a wider 
FOV, see Figure 13. 

The cameras will be referred to as Camera 1 and 
Camera 2 as indicated in Figure 13. 

 

 
Figure 13: Camera 1 and Camera 2 FOV sketches. 

hc1 = 100 mm ; wc1 = 100 mm; w’=60 mm 
hc2 = 235 mm ; wc2 = 235 mm; 

Camera 1 FOV presents a close-up view of the 
specimen in order to capture the details of through-
thickness damage initiation while still providing a 
proper vertical distance for observing longitudinal 
propagation of delamination. This close-up FOV is 
intended for DIC post processing.  

The Free-Free boundary conditions described in 2.2 
result in a horizontal rigid body motion of the beam 
after impact. The FOV is off-centred by w’ in order to 
allow for enough room on the downstream side of the 
beam for said horizontal travel while still being able to 
track the damage phenomena. w' = 60 mm allows for 
capturing the impact side as well as a downstream 
travel distance of approximately three times the 
thickness of the beam. 

Figure 14 shows the resulting images from Camera 
1, at both the pre-impact frame and at a frame where 
damage is fully developed. The dotted lines (- -) mark 
the initial and final positions of the backside of the 
beam. It can be seen that the FOV is sufficient to 
observe both the impact and the rigid body movement 
of the beam after impact when damage has fully 
developed. 

Camera 2 was set to capture a more global overview 
of the events happening over the entirety of the 
specimen ensuring that the response of the specimen 
up to the supports is captured. Although the level of 
zoom is barely sufficient to appreciate the through 
thickness propagation of damage, it is still possible to 
observe the propagation of delaminations 
longitudinally. 

The FOV of Camera 2 is not off-centred in order to 
englobe also the end of the barrel. Subsequently, the 
impactor can be observed entirely since exiting the 
barrel until reaching the specimen, allowing for the 
measurement of the impactor speed using DIC. Figure 
15 shows the captured images by Camera 2 for the 
same specimen and impactor speed as in Figure 14. 

 
2.5.2. Image acquisition parameters 

 
When selecting the image acquisition parameters of 

the high speed cameras, a compromise between frame 
rate, resolution and exposure time needs to be made. 

The Phantom V2512 captures 25.600 frames per 
second (fps), i.e. a time resolution tres  = 39 μs at a full 
resolution of 1200x800 pixels and can reach up to 
1.000.000 fps, i.e. tres = 1 μs, at a reduced resolution of 
128x32 pixels. As can be seen, there is a trade-off 
between time resolution and spatial resolution. 

A frame rate of 200.000 fps was selected, along with 
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a resolution of 256x256 pixels yielding a spatial 
resolution of 2.5 pixels per mm. As seen in section 3.2, 
this spatial resolution is suitable for observing and 
tracking delaminations occurring at adjacent layers. 

 

  
Figure 14: Left) Before impact ; Right) Horizontal rigid body 

motion after impact as captured by Camera 1. 

  
Figure 15: Overall response as captured by Camera 2. 

 
A frame rate of 200.000 fps yields a tres= 5 μs, which 

is sufficient to capture the propagation of the through-
thickness stress wave and precisely locate the onset of 
damage. 

The shutter time needs to be selected in order to 
ensure a sufficient amount of light captured by the 
sensor while avoiding any motion blur. 0.8 μs was 
selected yielding bright and blur-free images. 

Table 1 summarizes the camera acquisition 
parameters. 

 
2.5.3. Lighting conditions 

 
The specimen is lit by 10 GSVITEC multiled LT lamp 

heads with 24 high power leds, each lamp located at a 
distance of approximately 1 m from the specimens. All 
10 multiled combined deliver 77.000 lumen. 

 

2.6. Digital Image Correlation and image tracking 
 
The experimental setup described in the above 

sections not only has the objective of observing the 
timeline of damage but also to track both the overall 

deformation of the beam as well as the propagation of 
delaminations. 

The objective of such tracking is to provide data to 
be used for correlating numerical simulations. 

Three tracking strategies were tested using the 
Digital Image Correlation software GOM Correlate 
2018 Professional and are analysed hereafter. 

 

 
 

2.6.1. Drawn Markers 
 
Markers were drawn both on the beam specimens 

and on the polyethylene impactors. 
Vertical lines on beam specimens: 

Vertical lines were drawn as a first approach for 
displacement tracking of different thickness 
sections of the beam. 

As can be seen in Figure 16, the vertical lines 
revealed themselves unsuitable for several reasons. 
From an observation point of view, they were easily 
mistaken by delaminations, as they both appeared 
as black and were oriented vertically. From a 
tracking point of view, the proximity of the lines 
between each other made it almost impossible for 
the tracking software to keep them locked and 
tracked, resulting in constant jumps between lines. 
This approach was dismissed. 
 
Horizontal markers on beam specimens: 

Horizontal markers were drawn on the backside 
of the beam with the intention of tracking the 
backside deformed shape. The size of the markers 
was below 2 mm with the purpose of not 
overlapping with the first interface between layers, 
ensuring the markers not to be disrupted if 
delaminations originated right underneath their 
location. 
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Figure 16: Vertical lines on beam specimen. Left) Before impact 

;  Right) t = 1 ms after impact 

 
As can be seen in Figure 17, the horizontal 

markers remained undisturbed when 
delaminations originated, showing no overlap and 
staying visible throughout the whole impact 
sequence. However, the small size of the markers, 
≈1.5mm, resulted in barely 2 to 3 pixels when 
captured by Camera 1, making it impossible for the 
tracking software to lock the markers and follow 
them. This approach was dismissed. 
 

  
Figure 17: Horizontal markers. Left) Before impact ; Right) t = 

10 μs after impact. 

Vertical lines on impactors: 
Vertical lines were drawn evenly spaced (10 mm) 

along the length on the impactor, as seen on Figure 18. 
The white colour of the impactors provided a good 
contrast with respect to the black lines. Said lines, 
being sufficiently spaced, posed no problem for the 
tracking software to be tracked. The resulting 

deformation history of each line are be used for 
adjusting an adequate material model when simulating 
the impacts. Moreover, the tracking of the lines before 
impact allowed for a swift determination of the speed 
of the impactor. 

 

  
Figure 18: Vertical lines on impactor. Left) Before impact ; Right) 

250 μs after impact 

 
2.6.2. Speckle pattern 

 
Three different speckle patterns of different 

fineness were applied in order to measure the overall 
through-thickness strain field during impact. 

The speckle pattern is severely damage as soon as 
delaminations start to appear. However, satisfactory 
results were obtained for the first instants before 
massive delaminations appeared, see section  

 

 
Figure 19: Speckle pattern on beam specimens, increasing 

fineness from left to right. 

2.6.3. Tracking markers 
 
An array of tracking dots were placed at the 

furthermost section of the thickness towards the 
backside. The GOM correlate tracking software manual 
recommends a minimum of six pixels inside the 
tracking dots to capture effectively their movement. 
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Figure 20 shows two beam specimens attired with 1.5 
mm and 3.0 mm tracking dots respectively. 

At first glance, it is natural to assume that the 
smaller the dots the smaller the perturbation of the 
field of view, i.e. delaminations will not be masked by 
smaller dots. However, it is also obvious that the larger 
the dots the easier for the tracking system to lock and 
follow their displacement. 

The 1.5 mm tracking dots revealed themselves as 
very good in terms of allowing delaminations to be fully 
observed while being barely traceable by the GOM 
correlate software. 

The 3 mm tracking dots were easily tracked by the 
system and stayed in place even though delaminations 
developed underneath them. Although they partially 
masked the propagation of delamination, an evenly 
spacing of 10 mm between the tracking dots allowed 
enough margin for the delaminations to be observed in 
between the dots, see Figure 24. 

 

  
Figure 20: left) 1.5 mm tracking dots ; right) 3.0 mm tracking 

dots. 

Nonetheless, the tracking dot approach was not 
flawless as some of the dots were blown away from the 
specimen by the mass of pressurized air that follows 
the impactor after exiting the barrel. This generates a 
loss of data at later stages, it was judged not to be 
critical as it only occurred at very high pressures and at 
later stages of the impact, when the damage pattern 
had already been fully established inside the cameras 
FOV. 
 

3. Experimental results 
 

This section illustrates the results that can be 
obtained directly from the experimental setup: 

 
1. Backside displacement profile vs time 
2. Delamination onset location vs time 
3. Delamination propagation tracking 
4. Deformation history of the impactor 
5. Impactor velocities 

 
Another key aspect of the experimental setup is the 

reproducibility of the results, which will also be 
addressed in this section. 

The coordinate system for data 
post-processing has its origin located 
on the impact side at the mid-span of 
the beam’s length. The x-axis is 
defined pointing through the thickness 
from the impact side towards the 
backside and the y-axis is defined 
along the longitudinal direction of the 
beam pointing upwards, see Figure 21. 

We define ux and uy as the 
displacements of a given point in the x 
and y direction respectively. 

 
Figure 21 

We define the 𝑣𝑗
𝑖 as the delamination speed 

propagation of the ith delamination along the j axis. The 
normalized ξ coordinate is defined as: 

 

𝜉 =
𝑥

𝑡ℎ
 (Eq. 6) 

 
We define V0 as the impactor velocity before 

impact. The origin of the time scale, t = 0, corresponds 
to the frame right before impact occurs. 

 

3.1. Beam displacement profile 
 
The use of the tracking markers described in section 

2.6 allows for extracting a profile of displacement of 
the backface of the beam. Displacement profiles such 
as the one shown in Figure 22 allow for evaluating the 
deformation history of the beam and therefore the 
mechanisms of the damage onset. Additionally, they 
can be used for comparison between different material 
systems and are paramount for numerical correlation. 

Figure 23 shows the evolution of the displacement 
profile for different timestamps after impact. 

 

3.2. Delamination Onset 
 
Delaminations are numbered according to their 
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proximity to the impact side. For instance, if a total of 
four delaminations appear, delamination #1 is the 
delamination located closest to the impact side 
whereas delamination #4 is the delamination located 
furthest from the impact side. 

 

 
Figure 22: ux profile of the beam’s backside at t = 90 μs after 

impact. V0 = 256 m/s. 

 

 
Figure 23: ux profile shown in Figure 22 for different time 

instants. V0 = 256 m/s. 

Using this numbering convention, the first 
delaminations to be observed, #2 and #4, appear 
between 15 and 20 μs after impact, located at 
approximately ξ = ⅖ and ξ = ⅘ of the thickness from the 
impact side. 

Delamination #3 appears at the middle thickness 
between delaminations #2 and #4 between 45 and 50 

μs after impact. Finally, delamination #1 initiates at the 
middle thickness between the impact side and 
delamination #2 between 50 and 55 μs after impact. 

Figure 24 shows the delamination progression 
history throughout the thickness of the beam after 
impact with a time resolution of 5 μs. 

 

  

a) t = 15 μs b) t = 20 μs 

  

c) t = 45 μs d) t = 50 μs 

  

e) t = 55 μs f) t = 130 μs 

Figure 24: Delamination onset and propagation history through 
time V0 = 323 m/s. (—) Delamination #1 ;   (—) Delamination #2 ; 
(—) Delamination #3 ; (—) Delamination #4. 

The experimental setup proves itself capable of 
locating the onset of delaminations in terms of time 
and thickness location. 

It can be inferred that as soon as the first 
delaminations appear, the separated volumes act like 
a new set of independent sub-beams deforming under 
3-point bending, where a new delamination will form 
at the mid thickness of the new sub-beams as the 
deformation progresses. The location of the 
subsequent delaminations, the sub-beam mid-
thickness, is in agreement with the classical predictions 
of maximum shear stress. The propagation of 
delaminations can also be tracked along the length of 
the beam through time. 
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3.3. Delamination Tracking 
 
Another aspect of the experimental setup is its 

capacity to track the propagation of delamination. 
Figure 25 presents the y position over time of each of 
the observed delamination fronts within the FOV of 
Camera 1. 
 

  
     a) Delamination #1      b) Delamination #2 

  
     c) Delamination #3     d) Delamination #4 
Figure 25: y position of the delamination front vs time for 

V0= 323 m/s. The horizontal grey bands in d) show the location 
of the tracking dots that limit the visibility, and hence the 
tracking, of delamination #4. 

It can be seen that delaminations #1 to #3 endure 
three propagation phases. 

Phase I: Initial propagation at a high speed, 𝑣𝑦,𝐼
𝑖 . 

Phase II: Relaxation phase of slower propagation 

speed, 𝑣𝑦,𝐼𝐼
𝑖 . 

Phase III: Propagation at an intermediate 

speed, 𝑣𝑦,𝐼𝐼𝐼
𝑖 . 

 
Figure 26 and Figure 27 show the three mentioned 

phases of the propagation and the associated speeds 
for delaminations #1 and #2 in detail. 

Correspondingly, the x position of the delamination 
front can also be observed and measured throughout 
time. As can be seen in Figure 28, the x position of the 
delamination front remains nearly constant, with 

horizontal propagation speeds, 𝑣𝑥
𝑖  ≤ 15 m/s. It can then 

be concluded that the delamination front propagates 
faster than the global deformation wave. 

 

 
Figure 26: Delamination #1 propagation phases and speeds. 

𝑣𝑦,𝐼
1 = 718 m/s; 𝑣𝑦,𝐼𝐼

1  = 0 m/s; 𝑣𝑦,𝐼𝐼𝐼
1 = 300 m/s. V0 = 323 m/s. 

 
Figure 27: Delamination #2 propagation phases and speeds. 

𝑣𝑦,𝐼
2  = 785 m/s; 𝑣𝑦,𝐼𝐼

2  = 13 m/s; 𝑣𝑦,𝐼𝐼𝐼
2  = 240 m/s. V0 = 323 m/s. 
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Figure 28: x position of the delamination front vs time: (o) 𝑣𝑥

1 = 
2 m/s; (o) 𝑣𝑥

2 = 11 m/s; (o) 𝑣𝑥
3 = 4 m/s; (o) 𝑣𝑥

4 = 15 m/s. V0 = 323 m/s. 

 

3.4. Impactor displacement and deformation 
history 

 
The impactor deformation history can also be 

followed using the image tracking method described in 
section 2.6.1. Figure 29 shows the impactor at two 
different instants. 

  
a) t = 0 μs b) t = 125 μs 

Figure 29: Impactor shape before/during impact. V0 = 217 
m/s. 

Figure 30 shows the image tracking of the x position 
of four equally spaced sections along the x direction. 

The displacement history before impact and 
after rebound are used to calculate the initial velocity, 
V0, of the impactor and the residual velocity after 
rebound, Vres, as seen in Figure 30. 

 

3.5. Reproducibility 
 
The experimental setup strives to provide 

consistent reproducible data. Three pairs of specimens 
were tested at equal impactor speeds V0. Figure 31 

shows the backface displacement profile for each pair 
of specimens at different timestamps. 

It can be seen that the experimental setup provides 
reproducible results for the ux displacement, for three 
different speeds. This ensures the availability of a 
reliable kinematic experimental reference for 
numerical models. 

 

 
Figure 30: x position vs time of four points equally spaced along 

the impactor’s length: (◊) Point 1 ; (◊) Point 2 ; (◊) Point 3 ; (◊) Point 
4. Initial speed V0, and residual speed Vres, are extracted from the 
impactor displacement history 

 

4. Conclusions 
 
An experimental setup aiming at observing the 

through-thickness damage timeline of thick composite 
laminates under a highly dynamic environment is 
presented. 

A narrow beam is subjected to impact at its mid-
span by a soft high-density polyethylene impactor. The 
tailored specimen design along with high speed 
cameras and Digital Image Correlation allow for 
observing the damage timeline through the thickness 
of the laminate. 

To the author’s knowledge, the time resolution of 5 
μs is the fastest among the existing literature allowing 
for observing the sequence of events to an 
unprecedented degree of detail. 

Moreover, the polyethylene impactor deforms 
without disintegrating, yielding an undisturbed field of 
view for the observer. 

As opposed to open-air near-field blast tests, where 
only post-mortem inspections are possible, the 
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presented specimen design allows for real-time 
observation of the damage sequence leading to similar 
failure modes as those observed in real-life blast tests. 

Backside displacement profile, damage onset, 
delamination propagation and impactor deformation 
history are presented for a set of 22 mm thick E-
glass/LPET laminates with an areal mass of 43 kg.m-2, 
equivalent to 5.5 mm thick armour steel panels.  

The damage onset sequence and delamination 
propagation are analysed. Three propagation phases 
are identified along the longitudinal direction. It is also 
concluded that the delamination front advances faster 
than the global deformation of the beam, suggesting a 
sudden release of energy uncoupled from the overall 
deformation of the beam. 

In addition, macroscopic magnitudes such as the 
impactor incident and residual speeds can also be 
derived from the same encapsulated single post 
processing GOM Correlate results file. 

It is concluded that the experimental setup 
described throughout this paper delivers a detailed 
sequence of events, under reproducible, controlled 
laboratory conditions. In addition, macroscopic results, 
such as backside deflection, delamination propagation, 
impactor deformation history and impactor residual 
speed provide a strong and repeatable experimental 
reference for numerical modelling correlation. 
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ABSTRACT 

The dynamic properties of polyethylene have been studied by several authors from the 1970’s using diverse 
experimental techniques. This paper revisits the Taylor impact test, originally devised for ductile metals, and 
introduces a length measurement, the length of maximum compression, LMC, by means of high-speed photography. 
By replacing the residual length that Taylor measured in metals with LMC, the dynamic flow stress of High Density 
PolyEthylene (HDPE) is calculated. Good agreement between existing literature and the obtained dynamic flow 
stress is found. It is concluded that the Taylor impact test can be applied to HDPE if coupled with high-speed 
photography. The result is a simpler and easier to interpret approach compared to the more traditional Split 
Hopkinson Pressure Bar. 

Keywords: HDPE; Impact; Taylor Test; Dynamic Properties 

1. Introduction 
 

During the 1940’s, Sir Geoffrey Taylor [1,2], studied the deformation of metal cylindrical projectiles subjected 
to impact against a steel anvil. These experiments came to be called the Taylor impact test. Alongside the 
experimental procedure, Taylor developed a theory after which the material’s dynamic flow stress can be derived 
based on post-mortem measurements of the impactor. It is important to distinguish between the experimental 
procedure, which is known as the Taylor impact test, and the interpretation of the test results, which is the Taylor 
theory. Figure 1 shows the post impact measurements introduced by Taylor. 

 

 

Figure 1: Impactor geometry before and after a Taylor impact test. 

 

Where L is the initial length of the impactor, L1 is the residual length, and X is the length of the non-deformed section 
of the impactor after impact. Taylor derived a formula linking these three magnitudes with the dynamic flow stress 
of the material S1, the impactor velocity, U, and its density, ρ.  

 

𝑆

𝜌𝑈
=

𝐿 − 𝑋

2 ∙ (𝐿 − 𝐿 )
∙

1

𝑙𝑜𝑔 (𝐿 𝑋⁄ )
 Eq. 1. 
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For the rest of this paper, the dynamic flow stress will be referred as Sy. Taylor’s theory rests on a fundamental 
assumption: the stress on impact at the impact side of the projectile rises immediately to the elastic limit, hence 
assuming perfectly rigid-plastic behaviour of the material, see Figure 4. The Taylor impact test and the resulting 
Taylor theory have been successfully applied to metals and are broadly applied by the research community. Together 
they are regarded as a simple method to derive the dynamic flow stress of metals subjected to strain-rates between 
103 and 104 s-1. 

High Density PolyEthylene, (HDPE), is a semi-crystalline polymer used in a wide spectrum of applications, 
ranging from plastic bags to the inside of high pressure, deep-water, flexible pipes used by the offshore oil industry. 
Since the 1970’s, researchers have sought to characterize the dynamic properties of HDPE using different 
experimental methods such as uni-axial compression Servo Hydraulic machines (SH) ([3–8]), drop weight towers 
([4]), the Split Hopkinson Pressure Bar (SHPB) ([5–8]) and, finally, the Taylor impact test ([4,6,9]). The chemical 
composition of the tested material ranges from well known in terms of density and percentage of crystallinity to 
completely unknown or unreported. Table 1 shows a summary of existing literature regarding the measurement of 
the dynamic flow stress of HDPE. The values reported in literature for Sy are extracted and plotted against the reported 
strain-rate in Figure 2. 

Table 1: Literature Data review; %c = percentage of crystallinity. N.R.: Not Reported. 

Author Year %c Experimental method Ref 

Bowdens and Jukes 1972 N.R. Uni-axial compression SH machine [3] 

Amuzu and Briscoe 1975 N.R. Not reported [-] 

Briscoe and Hutchings 1976 N.R. Uni-axial compression SH machine [4] 

Briscoe and Hutchings 1976 N.R. Drop Weight Tower [4] 

Briscoe and Hutchings 1976 N.R. Taylor Impact Test - Taylor Theory [4] 

Kukureka and Hutchings 1982 N.R. Taylor Impact Test - Hutchings' Theory [9] 

Briscoe and Nosker 1985 N.R. Uni-axial compression SH machine [5] 

Briscoe and Nosker 1985 N.R. SHPB [5] 

Brown et al. 2007 81% Uni-axial compression SH machine [6] 

Brown et al. 2007 81% SHPB [6] 

Brown et al. 2007 81% Taylor Impact Test - Taylor Theory [6] 

Omar et al. 2012 60% Uni-axial compression SH machine [7] 

Omar et al. 2012 60% SHPB [7] 

Nakai et al. 2015 70% Uni-axial compression SH machine [8] 

Nakai et al. 2015 70% SHPB [8] 
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Figure 2: Literature data review. 

It can be seen in Figure 2 that all values monotonically increase with logarithmic strain-rate except for the value 
reported by Briscoe and Hutchings [4]. They were the first to apply the Taylor impact test and its associated theory 
to HDPE and found a value for the dynamic flow stress close to 100 MPa. Such a high value was considered not in 
line with the literature available at that time. Briscoe and Hutchings attributed this abnormal value to a change in the 
mode of deformation of the polymer at strain-rates above 300 s-1. They were also the first to report on the 
characteristic concave shape attained by HDPE up to a speed of 170 m.s-1, see Figure 3 c). It will be shown that the 
concavity is a result of elastic springback after impact. 

 

 

Figure 3: Left) undeformed projectile ; center) deformed shape of metallic projectiles, right) deformed shape of an HDPE projectile. 

 

During the years that followed, Hutchings continued to work on an explanation for the abnormal value obtained 
in Briscoe and Hutchings [4] and developed the Hutchings extension to polymers for the Taylor impact test in 
Hutchings [10]. Hutchings stated that Taylor’s analysis is inadequate for polymers because of their high elastic yield 
strain compared to metals. Therefore, he challenged the first assumption of the Taylor theory by applying an elastic-
plastic model to the material’s response. He proposed a two-parameter material model incorporating yield strain and 
yield stress, {Sy ; εy}. The parameters are schematically shown in Figure 4. Hutchings’ theory challenged the first 
hypothesis of Taylor’s theory as it took into account the elastic deformation of the polymer during impact. By doing 
so, Hutchings proposed a method based on one-dimensional elastic-plastic wave propagation and an elastic plastic 
model. Like Taylor’s theory, Hutchings’ theory is based on measuring the post impact shape of the impactor. 
Combined with the density and velocity of the impactor, ρ and U, he derived a system of four non-linear equations 
to be solved iteratively, capable of yielding the two parameters of the impactor’s material law, i.e. {Sy ; εy}. He 
introduced his approach in [10] and obtained satisfactory results for polycarbonate impactors. Subsequently, 
Kukureka and Hutchings, [9], presented results for Taylor impact tests analysed using Hutchings’ theory for 
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polyethersulphone (PES), high density polyethylene (HDPE), polytetrafluoroethylene (PTFE) and polypropylene 
(PP). 

 

 

Figure 4: Taylor’s perfectly rigid-plastic behaviour vs Hutchings elastic-plastic behaviour. 

 

The Hutchings theory maintains the experimental simplicity devised by Taylor, as the only experimental data 
needed are post-impact measurements of the impactor, which are easily obtained by using a calliper. However, the 
Hutchings method introduces a level of complexity by requiring the experimentalist to numerically solve a system 
of four non-linear equations. In addition, the Hutchings theory does not address the ambiguity of the residual 
measurements due to the concave shape of the impactor. A comparison of Hutchings and Taylor theories is shown 
in Figure 5. 

It can be seen that the Hutchings method predicts lower dynamic flow stresses for a given impactor speed and 
residual length ratio than Taylor’s theory. Hutchings applied his method to HDPE and obtained a new estimate for 
the flow stress of polyethylene of 64 MPa, see (+) in Figure 5. 

 

 

Figure 5: Taylor & Hutchings Sy prediction for a given impactor speed and residual length. 

The obtained value is confronted with existing literature in Figure 6, (✱). Although the corrected estimate is 
lower than the initial value of 100 MPa, it remains the highest among the existing literature. At the time of publication, 
Hutchings signalled the lack of literature data available in order to assess the accuracy of his prediction. 
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Figure 6: Literature data including the corrected value by Hutchings using Hutchings’ theory. 

 

Both Taylor’s and Hutchings’ theories base their calculations of the dynamic flow stress on measurements of 
residual lengths of the impactor after impact. This poses no ambiguity for metal projectiles as they present a flat 
impact surface. This is however not the case for polymers as they present a severe concavity after impact. This 
presents the experimentalist with a choice when measuring residual lengths as they can be measured at the edge of 
the impactor, at its axis, or at an intermediate position.  

The following sections explore the effect of the choice of the residual length on the resulting dynamic flow stress 
and a new length measurement is introduced through high-speed photography. Taylor impact test are presented and 
analysed using the Taylor theory for the three different length measurements. In the final section, the work is 
concluded and the applicability of the Taylor impact test along with its associated theory for calculation of dynamic 
flow stress for HDPE is discussed. 

 

2. Post-mortem impactor measurements: the residual length dilemma 
 

By analysing Figure 5, it can be inferred that the dynamic flow stress is highly dependent on the measurement of 
the residual length for both Taylor and Hutchings theories. This is of paramount importance when dealing with HDPE 
as it does not present a flat impact surface as seen in ductile metals, see Figure 7. 

 

  
a) Side view b) Oblique view 

Figure 7: Concave shape of an HDPE impactor after impact. 
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The resulting concave shape confronts the experimentalist with the choice of measuring the residual length of 
the impactor at its edge, LEd, or at its axis, LAx, as depicted in Figure 8. 

 

 

Figure 8: Schematics of the residual lengths at the impactor’s axis, LAx, and edge, LEd. 

 

A third option is given to the experimentalist by the use of high-speed photography. By measuring the length of 
the impactor as it deforms during the impact, the length of maximum compression LMC, i.e. the minimum distance 
between the back edge (●) and the front edge (●) of the impactor, can be extracted, see Figure 9. 

 

 

Figure 9: Impactor length evolution after impact, L0 = 50 mm. 

 

The Taylor theory assumes that there is no elastic recovery of the impactor, therefore it is reasonable to assume 
that the length of maximum compression during impact in polymers is analogous to the residual length defined by 
Taylor. This length can only be measured if the impactor is monitored with high-speed cameras during the impact 
phase. 

Taylor impact tests with HDPE projectiles were performed in order to measure the edge residual length, LEd, the 
axis residual length, LAx, and the length of maximum compression, LMC. The dynamic flow stress Sy was derived from 
Taylor’s theory using the three different lengths in Eq. 1. An assessment of the reliability of the different 
measurements was performed by comparing the derived values of Sy for each length measurement with existing 
literature data. 
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3. Taylor Impact Test: Experimental Data 
 

The specimens used for testing were 50 mm and 100 mm long cylindrical HDPE impactors with an initial diameter 
of 19.8 mm. Taylor impact tests in the range of [100 - 400] m.s-1 were carried. The impactors were recovered and 
their residual length was measured at the edge and at the axis. The length of maximum compression was measured 
using high-speed photography with a sample rate of 200.000 fps. The three magnitudes, normalized by the initial 
length L, against the impactor initial velocity are plotted in Figure 10. 

 

 

Figure 10: Normalized residual lengths vs impactor velocity. 

 

The length of maximum compression follows the same trend as shown by Brown et al. [11] for HDPE. The 
residual length at the axis and the length of maximum compression are shown to converge at higher speeds. This is 
because the greater the speed, the lower the relative participation of the axial elastic deformation with respect to the 
total axial deformation of the impactor. The residual length at the edge follows a different pattern as it is mainly 
driven by the elastic recovery of the mass of the impactor that is deflected radially upon impact. The dynamic flow 
stress derived by replacing L1 in Eq. 1 with each of these three measurements yields drastically different values for 
a given impactor velocity as can be seen in Figure 11. 
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Figure 11: Resultant dynamic flow stress for the three residual lengths. 

 

Figure 11 shows the dynamic flow stress derived using Taylor’s theory for the three lengths described used as L1 in 
Eq. 1. It can be seen that both LEd (○) and LAx (□) yield non-constant values of dynamic flow stress with increasing 
speeds. This trend contradicts the expected results since for the speed range tested; Sy is expected to be fairly constant 
as the strain-rate is also globally constant. When using LMC, the dynamic flow stress (+) is nearly independent of the 
impactor velocity. Not only the obtained value is constant with respect to the impactor velocity but it also shows 
good agreement with the rest of the values reported in the literature. Figure 12 shows the average value of this work 
(+) obtained using the length of maximum compression along with literature values. 

 

 

Figure 12: Literature data including this work’s results using Taylor impact test on high-density polyethylene impactors. 

It can be concluded that there is very good agreement between this work’s experimental results and literature data. 
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4. Conclusions 
 

The Taylor impact test is a simple method for measuring the dynamic flow stress of ductile metals. However, 
when applying Taylor’s formula to polymers precautions need to be taken regarding the measurement of the post-
mortem dimensions. As impactors present a concave shape that differs from the flat surface expected by the Taylor 
method, the experimentalist is presented with the choice of measuring the residual length at the edge of the impactor 
and at the axis of the impactor. In addition, thanks to high-speed photography, the length history of the impactor as 
it deforms during the impact can also be measured. The length of max compression is then defined as the minimum 
length attained by the projectile during the impact. 

Taylor’s tests were performed for HDPE impactors and the dynamic flow stress was derived using Taylor’s theory 
for the three abovementioned length measurements. The dynamic flow stresses obtained by using the length of 
maximum compression offered little variation with respect to the impactor velocity and showed good agreement with 
the reported values in the literature using other experimental techniques. 

By using the Taylor test, reliable values for the dynamic flow stress can be obtained while using a simpler 
experimental setup than the traditional SHPB. Furthermore, it offers an advantage with respect to the Hutchings 
extension to polymers as the dilemma of which residual length to measure on a very concave residual projectile 
vanishes. 

It is concluded that the Taylor method is suitable to be applied to high-density polyethylene impactors if combined 
with high-speed photography. Although this compromises the initial crave for simplicity of the Taylor tests, the cost 
and usability of modern high-speed photography make it possible to apply the Taylor theory to HDPE. 
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Abstract 
Composite panels are envisioned as a first line of defense against near-field blast threats in light 

armored vehicles as a lighter alternative to traditional steel panels. Field blast tests on full-scale 
composite panels have revealed that glass/thermoplastic panels offer a higher blast load 
resistance than their carbon/thermoset counterparts. Such thick composite laminates experience 
massive delamination under near-field blasts. The post-mortem inspections of the panels reveal 
delaminations throughout their entire thickness spanning until the panel edges. Post-mortem 
inspections are often ambiguous when analyzing dynamic events since the sequence at which the 
observable damage happened cannot be inferred. Understanding the timeline of through-
thickness damage generated under such loading conditions is paramount for designing composite 
defense systems. This paper employs the Narrow Beam Impact Test experimental rig in order to 
observe, track and measure through-thickness delaminations live as they develop by the use of 
high-speed photography. Two systems of glass fiber reinforced thermoplastics using woven and 
unidirectional plies are subjected to soft impacts. The onset time and through-thickness onset 
location of the different delaminations are measured by means of high-speed photography. An 
analytical wave model is also presented in order to understand the through-thickness stress state. 
The resulting damage timeline allows concluding on the delamination onset and propagation 
mechanisms. 

 

1. Introduction 
 
The use of composite materials in civilian structures has grown at a steady pace since the 1950s 

due to their excellent strength to weight ratio. The trend is now reaching defense structures such 
as light armored vehicles. In consequence, composite materials are being solicited under dynamic 
conditions such as blast events and ballistic impacts. In order to withstand such threats, design 
solutions require thicker monolithic composites. As thickness increases, the panel behaviour 
deviates from the membrane hypotheses; out-of-plane stresses are no longer negligible and play 
an important role in the development of delamination. Understanding the through-thickness 
interlaminar damage onset and propagation as well as the evolution of interface mechanical 
properties with increasing strain-rate is hence essential to optimize the design of composite panels 
for defense applications. 

Composite materials mechanical properties can be divided into three categories: In-Plane (IP) 
properties, Out-Of-Plane (OOP) properties and interlaminar properties. In-plane mechanical 
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properties are known to vary with strain-rate for glass composites with thermoset and 
thermoplastic matrixes, as seen in Hou et al. [1], [2]. The same can be said about certain out-of-
plane properties such as the out of plane Young modulus, E33. Lifshitz and Leber [3], found ca. 20% 
increase in the tension through-thickness (T-T) modulus with strain-rates up to 150 s-1 while Gama 
et al. [4], found a 36% increase in the through-thickness tensile strength with strain-rates up to 
1600 s-1, both on glass laminates. 

Although literature on interlaminar properties under high strain-rate is scarce, and when 
available, experimental methods vary widely, a number of studies can be found addressing 
thermoplastic composites. Fernandez-Canteli et al. [5], reported an 80% increase in the mode I 
interlaminar fracture toughness with increasing impact speeds up to 5 m.s-1 for a woven Glass/PEI 
laminate using notched specimens and an instrumented Charpy machine. Matsumoto et al., [6], 
reported a 22% increase in the mode II interlaminar fracture toughness of a Glass/Polycarbonate 
composite with increasing loading rate. Blyton, [7], investigated the effect of strain-rate under 
mixed mode (I+II) solicitation also on glass/polypropylene and reported the composites to be rate 
insensitive. This discrepancies can be explained by several factors, the most significant being the 
difference in the experimental methods used by each author. Notably, attention needs to be paid 
to the quantification of the rate phenomenon, which is crucial in order to compare the values 
obtained by different authors. Cantwell and Blyton [8] in 1999, Jacob et al. [9] in 2005 and May 
[10] in 2015 wrote compelling review papers about the subject. 

When using servo-hydraulic machines, authors frequently use the crosshead displacement 
speed as a measure of the dynamic regime of the experiment, resulting in a measurement of the 
energy release rate with respect to mm.s-1. Examples of this can be found in Zabala et al. [11] and 
Compston et al. [12], [13] where the crosshead displacement ranged from 10-2 to 102 mm.s-1. In 
order to attain higher deformation speeds, [5] and Compston et al. [13] recurred to impact loading 
and reported fracture toughness values with respect to the impactor speed. The implication of 
these two methods is that they are specific to each experimental setup and therefore cannot be 
used to compare between different studies. For instance, when using impact for load application, 
the impact energy and the impactor stiffness is more relevant than the impactor speed itself. A 
foam impactor and a steel impactor travelling at the exact same speed will have drastically 
different effects when hitting the target specimen. 

For a better understanding of the underlying mechanisms, it is paramount to understand the 
state of solicitation of the area directly ahead of the delamination front. Ideally, a measurement of 
the strain-rate will describe best the state of the material around the crack tip. However, due to 
singularity in the elastic strain field around the delamination front, the strain-rate cannot be 
rigorously defined. A natural approach would be to use an experimental setup based on the Split 
Hopkinson Pressure Bar (SHPB) as it presents the experimentalist with a time history of strain 
signals that can be derived in order to obtain a strain-rate. However, the resulting strain-rates 
from an SHPB setup are an averaged magnitude within the whole specimen. Therefore, it is a very 
useful test for measuring bulk material properties such as elastic moduli and strengths but not 
quite suitable for local phenomena like delamination onset and propagation. Xiang et al. [14], Sun 
et al. [15] and Kusaka et al. [16] used modified SHPB setups in order to characterize fracture 
toughness under dynamic conditions but did not report any value of strain-rate. 

The range of experimental methods and differences in outcome reported above indicate that 
oversimplification is perilous. The fracture mechanical behaviour of a matrix material, as recorded 
on pristine specimens, may not be adequate to describe the fracture when included in a 
composite system. Since the deformation field is dominated by the reinforcement, it may not 
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correlate with the deformation field in a pristine matrix material fracture test. While this effect 
should ideally be describable with sufficient discretization in a FE model, it may well require 
infeasible fineness of the mesh. The Narrow Beam Impact Test (NBIT) is chosen to circumvent this, 
as they are an intermediate level between simple coupon tests and full panel tests, chosen for 
observability and coherence to relevant internal deformation field. Ultimately, it is the authors’ 
intention to use the experiments to characterize dynamic material properties for subsequent use 
in predictive modeling, and to obtain this through optimization-based correlation. This paper 
presents a brief summary of the experimental setup and procedure as well as a detailed report of 
the through-thickness damage timeline observed and measured on an E-Glass/Polyester 
thermoplastic matrix system for two sets of specimens built with woven and UD layers 
respectively. 

Finally, a 1-D generalized wave model is developed in order to understand the stress state 
present throughout the thickness of the specimen and anticipate the experimental results in terms 
of delamination onset time and location. 

 

2. Materials and Methods 
 
Eighty-nine beam specimens have been subjected to impact at mid-length by a soft cylindrical 

impactor. The thickness side of the beams is left exposed to two high-speed cameras in order to 
capture the through-thickness damage timeline. A detailed description of the experimental setup 
can be found in Perez et al. [17]. 

 

2.1. Experimental Setup 

The experiments were carried at the ballistic laboratory of the department of Materials and 
Production of Aalborg University. The laboratory consists of a ballistic chamber with 30 mm thick 
walls and a wooden lining to avoid ricochet. The chamber contains a gas gun with a 20 mm 
diameter barrel capable of compressing air up to 200 bar. 

A 50 mm long cylindrical impactor made of High Density Polyethylene (HDPE) with diameter ø = 
19.8 mm is propelled by the gas gun towards the beam specimen. At maximum pressure, 
impactors of approximately 15 g can be accelerated up to 600 m.s-1. 

The beam specimens are held via a fixture directly attached to the gun barrel in order to 
minimize misalignment between the impactor and the beam’s target area. The travel distance 
between the end of the barrel and the impact face of the beam is set to 75 mm in order to 
minimize the impactor’s time of free flight and hence enhance repeatability while also allowing 
impactor speed calculation. The beam-positioning fixture ensures that the beam is under free-free 
Boundary Conditions (BC). This particular choice of BC is made for two main reasons. Literature 
showed that damage tends to initiate at clamped edges, see Karthikeyan et al. [18]. This creates 
ambiguity as to whether the damage initiates organically at the boundary conditions as a direct 
consequence of the impact load or because of the local constraints introduced by the clamping 
system. On the one hand, free-free boundary conditions have the advantage of being the least 
ambiguous BCs to model numerically. On the other hand, they let the specimens free to move 
forward after impact, potentially bringing the specimens out of the cameras’ Field Of View (FOV). 
This is mitigated by allowing enough space clearance downstream within the cameras’ field of 
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view in order to ensure that the damage fully develops before the specimen moves out of the field 
of view. A schematic of the experimental setup is shown in Figure 1 left. 

The thickness side of the specimen is exposed to two high-speed cameras with a time 
resolution tres = 5 µs. To the author’s knowledge, this is the lowest time resolution ever used for 
through-thickness damage observation in composite laminates. Camera #1 is set normal to the 
specimen’s thickness and is equipped with a Zeiss-Macro Planar 100 mm lens producing a close up 
view. Camera #1 is used for point tracking and damage observation. Camera #2 is located next to 
Camera #1 with a slight tilt and is fitted with a Zeiss-Macro Planar 50 mm lens allowing for a wider 
field of view, capturing the entire beam up to the free edges. Camera #2 is intended to provide a 
global overview of a broader area in the event that something unexpected happens out of Camera 
#1 FOV. The trade-off for a wider field of view is a lower spatial resolution, rendering the images 
not usable for damage tracking. 

The specimens’ surface is prepared in order to enhance the contrast of the side exposed to the 
cameras and to allow for the displacement tracking of nine points of the beam’s back edge. 

The specimens are lit by 10 GSVITEC multiled LT lamp heads with 24 high power leds, each lamp 
located at a distance between 1 m and 0.5 m away the specimens. All 10 multiled combined 
deliver 77.000 lumen. Both cameras and the gas gun were synced and triggered simultaneously. 

 

  
Figure 1: left) Experimental setup schematic; right) Beam 3D detail and reference coordinate system. 

 

2.2. Detailed specimen design 

Experience with blast and impact tests on thick composite panels revealed themselves as useful 
for comparing the performance of different composite configurations and architectures. However, 
as only post-mortem inspections can be performed, such tests yield insufficient insight into the 
temporal progression of damage as it develops through the thickness, and the mechanisms driving 
it. For instance, two panels with identical areal mass, identical bill of materials but a different 
stack-up sequence would yield different blast load resistance. The difference in lay-up is key for 
the panel design against blast threats. The lay-up drives when, where and how damage initiates 
and propagates and these aspects are simply not visible when the thickness is not exposed. 
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Beam specimens are designed to make delamination onset and propagation visible as they 
occur while making sure that delamination starts at the center of the beam and not at the 
boundary conditions. In order to do so, a narrow beam geometry is devised. 

The dimensions are selected based on different criteria. Firstly, it is the underlying aim of the 
project to compare the performance of monolithic composite configurations against armor steel 
plates typically present in light armored military vehicles. Hence, the beam thickness, th, is 
selected in order to reach an areal mass (AM) equivalent to a 5.5 mm thick steel plate, i.e. AM = 43 
kg.m-2. Such target areal mass, in conjunction with the composite density from Table 1 yields a 
target thickness th = 21 mm. 

Length L is selected so that stress waves propagate through the entire thickness of the 
specimen, back and forth, before the longitudinal stress wave reaches the longitudinal edge of the 
specimens. This boils down to a ratio of the square root of the young moduli in the through-
thickness and longitudinal direction, see Eq. 1. L = 240 mm is sufficient to comply with this 
requirement as well as being easy to handle manually and to incorporate to the beam positioning 
fixture.  

Finally, the width w is determined by the gun barrel diameter, i.e. 20 mm. Since the impactor 
diameter, 19.8mm, covers 98% of the beam impact area, it is assumed that the pressure pulse 
generated by the impactor is constant over the width of the beam. A detail of the specimen shape 
and dimensions is shown in Figure 1 right. 
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xx xx
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c E
    Eq. 1 

 

2.3. Specimen manufacturing 

Two sets of specimens were manufactured by COMFIL® ApS using unidirectional non-crimp 
plies and twill 2:2 woven fabrics respectively. Both UD and woven plies were based on a low 
melting polyester amorphous thermoplastic matrix (LPET) reinforced with E-Glass fibres. LPET is a 
modified polyester specifically designed to lower process temperatures. LPET is completely 
amorphous, even after processing, and becomes liquid at approximately 170 °C. A summary of the 
specimen manufacturing elements can be found in Table 1. 

 

2.4. Specimen preparation 

1200 mm x 600 mm panels were manufactured and then beam specimens were cut using a 
waterjet cutter. Cut specimens were spray painted with glossy white paint on the exposed 
thickness side in order to increase delamination contrast, see Figure 2. Specimens were equipped 
at first with 10 mm spaced, 3 mm diameter, self-adhesive tracking dots on their backside edge in 
order to be tracked at the post-processing stage using photogrammetry software, see Figure 2 a). 
These dots allowed for a very easy and precise tracking by the DIC software but had a tendency to 
be blown off by the compressed air at high impact speeds. Furthermore, they could potentially 
hide delaminations propagating right under them rendering them suboptimal for damage 
propagation tracking. It was decided to dismiss the self-adhesive tracking dots and to proceed by 
manually drawing 2 mm diameter markers with 10 mm spacing starting from the center of the 
beam, see Figure 2 b). The consistency of the marker location among different specimens was 
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achieved by using a custom-made stencil for marker drawing. The specimens equipped with self-
adhesive tracking dots were still kept for analysis since delamination onset could still be observed. 

 

 
a) 

 
b) 

Figure 2: Cut specimens ready for impact; a) tracking dots; b) drawn markers. 
 

Unidirectional Specimens Woven Specimens

Yarn Name 66G-LPET-1820 57g-LPET-524
Fiber E-glass 1200 tex E-glass 300 tex
Matrix LPET LPET
Total Tex value 1820 524
Fiber weight % 66 57
Fiber volume % 49.4 42
Matrix Weight % 34 43
Matrix Volume % 50.6 58
Matrix melting point [C] ca. 170 ca. 170

Fabric ID 110224GW 30001-3
Type WG2-LPET-1000-UD WG1-LPET-800 2:2 twill
Area weight [g.m-2] 1070 800
Width [cm] 130 130

Number of Layers 41 55
Lay-up sequence [(0/90)20/0/(0/90)20] [0]55

Area Weight [kg.m-2] 43 43

Density [kg.m-3] 1950 1950

Yarn specification

Fabric specifications

Specimen specifications

 
Table 1: Specimen preparation summary. 

 

2.5. Impactor Selection 

A suitable impactor is intended to generate a global delamination failure starting from the 
center of the specimen up to the longitudinal edges. Soft impactors are preferred as they mitigate 
penetration or indentation during impact and reduce damage to the layer directly adjacent to the 
impact zone. The use of hard impactors as steel or aluminum impactors resulted in severe 
penetration and immediate ply failure of the beams instead of delamination. 

Furthermore, the impactor must not disturb the image acquisition. Foam impactors provide a 
soft impact but tend to disintegrate upon impact generating a cloud of debris, see Russel et al. 
[19], obscuring the view and rendering the observations of the thickness damage timeline 
impossible until the cloud of debris dissipates. Harder impactors like aluminum or steel can also 
shatter shortly obscuring the view. Resulting fragments may also be dangerous for the 
surrounding equipment such as cameras and lights. 
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Upon impact, an adiabatic intense impact flash is seen at the impact surface. This impact flash 
overexposes the cameras and renders the first frames unusable, see Figure 3. The impactor was 
selected in order to reduce the impact flash as much as possible. 

With these considerations in mind, several polymers were tested in order to select the most 
suitable one. Nylon (PA6), Polyvinyl Chloride (PVC), Polyoxymethylene (POM), High Density 
Polyethylene (HDPE) and Polyurethane foam (PU) were tested both against a steel anvil and 
against composite specimens. The chosen material was HDPE since it generated the desired 
damage on the composite specimens while not disintegrating and minimizing impact flash. HDPE is 
also widely available at a commercial scale, which translates into affordability and off the shelf 
availability. The impactors are 50 mm long, 19.8 mm in diameter and weight approximately 14.6 g. 

 

 
Figure 3: Impact flash generated by a PVC impactor. 

 

3. Results 
 
This section presents the experimental results of ninety-eight beam specimens tested at 

different impact energies ranging from 60 J to 1050 J. Eighty-nine specimens were tested under 
similar conditions of registration, specimen marking, and with systematic variation of impact 
energy. The remaining nine specimens being used for pre-test trials. Damage modes are first 
described for woven laminates and then for unidirectional specimens. 

 
Delamination naming 
Delaminations within a specific specimen are numbered according to their order of appearance 

within the specimen’s thickness. Therefore, the first delamination to appear is labeled as 
delamination #1; the second one is labeled as delamination #2 and so forth. 

 
Damage mode naming 
As stated above, delaminations are named sequentially as they appear within the same 

specimen. Regarding damage modes, when a specimen undergoes a damage mode where the only 
visible damage are delaminations, the mode is referred as Delamination Mode #X where X is the 
exact number of delaminations present for that given specimen. For example, when analyzing 
delamination mode #3, it will be possible to refer to delaminations #1, #2 and #3 but not to 
delamination #4 since delamination mode #3 contains exactly 3 delaminations. 

 

3.1. Damage modes on woven specimens 

Beam specimens made of woven layers were subjected to impact velocities, V0, ranging from 
165 to 376 m.s-1 resulting in impact energies, Ke0, ranging from 199 to 1028 J. The different 
damage modes observed are described hereunder.  
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[0 - 240] J - Damage initiation threshold 
No damage is observed for impact energies below 240 J. The impactor propels the specimens 

into a translation movement forward combined with a free beam vibration response, see Figure 4. 
 

    
a) t = 0 µs b) t = 250 µs c) t = 750 µs d) t = 1250 µs 

Figure 4: Beam response when no damage is observed; Ke0 = 214 J; V0 = 172 m.s-1. 
 
[240 - 340] J - Delamination mode 1 
Delamination starts at ⅔ of the thickness at the center of the beam’s length between 20 and 25 

µs after impact, see Figure 5 b) (+). A single delamination propagates over the whole length of the 
beam splitting it in two independent sub-beams traveling forward combined with a free beam 
vibration response, see Figure 5 c) and d). This failure mode is found consistently in beams 
subjected to impact energies in the range 240 – 340 J. 

 

     
a) t = 0 µs b) t = 25 µs c) t = 280 µs d) t = 750 µs e) final state 

 

Figure 5: Beam response under delamination mode 1; Ke0 = 260 J; V0 = 189 m.s-1; (+) delamination onset location. 
 
[380 - 500] J - Delamination Mode 2 
The first delamination starts at ⅔ of the thickness at the center of the beam’s length between 

20 and 25 µs after impact as seen in delamination mode 1, see Figure 6 b) (+). A second 
delamination appears 120 µs after at ⅓ of the thickness; see Figure 6 c). (+).  Delamination #2 
initiates at the edge of the impactor instead of at the center of the beam’s length. The two 
delaminations propagate over the whole length of the beam resulting in three independent sub-
beams traveling forward combined with a free beam vibration response. This failure mode is 
found in beams subjected to impacts in the range 380 – 500 J. 
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a) t = 0 µs b) t = 25 µs c) t = 145 µs  d) t = 750 µs e) final state 

Figure 6: Beam response under delamination mode 2; Ke0 = 391 J; V0 = 232 m.s-1; (+) delamination 1 onset point; (+) 
delamination 2 onset point. 

 
[603 - 1028] J - Delamination Modes 3 to 12 
In the range 500 – 1050 J, the damage sequence follows Delamination Modes (DM) 1 and 2 but 

with an increasing number of delaminations through the thickness of the beam. The higher the 
impact energy the higher the number of delaminations. A common observation among all 
delamination modes is that the first delamination starts between 20 and 25 µs after impact and is 
located between ⅔ and ¾ of the thickness at the center of the beam’s length. Figure 7 shows five 
specimens where delaminations are fully propagated over the field of view for increasing impact 
energies ranging from 603 to 1028 J. 

 

     
a) Ke0 = 603 J b) Ke0 = 634 J c) Ke0 =797 J d) Ke0 = 934 J          e) Ke0 = 1028 J 

Figure 7: Fully propagated delaminations in woven beams subjected to Ke0 between 600 and 1050 J. 
 
[350 - 400] J - Ply Failure + Delamination Mode: 
The specimen absorbs the impact resulting in a rigid body movement forward combined with a 

free beam vibration. As the beam vibrates and bends, ply failure under longitudinal compression 
occurs either at a layer adjacent to either the impact side or the backside, see Figure 8 b) (+). 
Following the fiber fracture, a delamination under the fractured layer initiates, see Figure 8 c) (□). 
Subsequently, the beam vibration contributes to the opening of the damaged interface and hence 
to the propagation of the delamination, Figure 8 d). The location of the initial ply failure, whether 
it is adjacent to the impact side or the backside, occurs randomly and it is the author’s postulate 
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that it is related to local imperfections and non-homogeneities of the laminate interfaces. This 
failure mode is found sporadically in beams subjected to impacts in the range 350 – 400 J. 

 

      
a) t = 0 µs b) t = 765 µs c) t = 810 µs d) t = 1300 µs e) final state normal and oblique view 

 

Figure 8: Beam response under Ply Failure + Delamination; Ke0 = 370 J; V0 = 225 m.s-1; (+) ply failure. 

3.2. Damage modes on unidirectional specimens 

Specimens made of unidirectional layers were tested with impact velocities, V0, ranging from 70 
to 278 m.s-1 resulting in impact energies, Ke0, ranging from 36 J to 563 J. The damage modes 
observed are described hereunder. 

 
[0 - 100] J - Damage initiation threshold 
No exterior damage is observed for impact energies below 100 J. The specimens absorb the 

impact resulting in a translation movement forward combined with a free beam vibration 
response as shown in Figure 4 for woven laminates. 

 
[100 - 220] J - Delamination Mode 1 
Delamination starts at ⅔ of the thickness aligned with the edge of the impactor between 80 and 

85 µs after impact, see Figure 9 b) (□). A single delamination propagates over the whole length of 
the beam resulting in two independent sub-beams traveling forward combined with a free beam 
vibration response, see Figure 9 c) and d). This failure mode is found consistently in beams 
subjected to impact energies in the range 100 – 220 J. 

 

    
a) t = 0 µs b) t = 85 µs c) t = 300 µs t = 750 µs 

Figure 9: Beam response under delamination mode 1; Ke0 = 178 J; V0 = 156 m.s-1. 
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[220 - 563] J - Delamination Modes 2 to 19 
 Increasing the impact energy until 563 J, more delaminations appear gradually as seen for 

woven laminates. 
 

    
 a) Ke0 = 317 J b) Ke0 = 345 J c) Ke0 =456 J  d) Ke0 = 550 J 

Figure 10: Fully propagated delaminations in unidirectional beams subjected to Ke0 between 300 and 550 J. 
 
Woven vs Unidirectional Laminates 
Unidirectional laminates present a higher number of delaminations than woven laminates 

under similar impact energy levels. The threshold for the first delamination onset is 100 J for 
unidirectional laminates and 240 J for woven laminates. 

 

3.3. Delamination Onset for woven specimens 

Field tests showed a higher blast resistance of woven laminates with respect to unidirectional 
laminates. The focus of the following sections is hence set on the woven specimens. 

 

3.3.1. Onset time 

Delamination onset time was measured using high-speed photography with a time resolution of 
5 μs, i.e. 200.000 frames per second. Such low time resolution allows for capturing several frames 
before the delamination initiates and hence provides insight as to where and when delaminations 
start. Figure 11 shows the delamination onset time, t0, of delaminations #1, #2 and #3 for 
specimens with Ke0 up to 800 J. 

 

t 0
 [

s]

 
Figure 11: Delamination onset time t0 vs Ke0 for delaminations #1 (○), #2 (⨯) and #3 ( ▽  ). 
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Delamination #1 exhibits a consistent onset time with an average t0
avg = 19 μs. Delaminations 

#2 and #3 seem to exhibit more variability but appear to be organized within two clusters of 
values for t0, around 22 and 35 µs for delamination #2 and around 40 and 55 µs for delamination 
#3. These clusters are directly linked to the through-thickness onset location of the delamination 
inherent to each different delamination mode. 

Figure 11 shows that the propagation onset time is independent of the impact energy. This is an 
interesting point from an experimental point of view since it helps limit the impactor speed and 
hence facilitates the choice of the impactor material as well as the overall built of the 
experimental rig. 

 

3.3.2. Through-thickness onset location 

When studying thick monolithic composites, especially when dealing with multi-material lay-
ups, the stack-up sequence is left as a design variable. It is then relevant to study where 
delaminations initiate thickness wise in order to tailor the specimen design so that the most 
adequate interfaces are placed at such locations. The onset location of the delaminations is also 
captured using high-speed photography. 

Figure 12 shows that the onset location, within a same delamination mode, is invariant with 
respect to the impact energy. This is not the case when comparing between different delamination 
modes as Figure 13 shows. It can be seen that the delamination onset location migrates towards 
the backside of the beam as the impact energy increases switching between delamination modes. 

 

 
Figure 12: Delamination onset location ξ vs Ke0 for delamination modes #1 and #2. 

 

 
Figure 13: Delamination onset location ξ vs Ke0 for delamination modes #1 to #5. 
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This can be better illustrated by visualizing the delamination onset time and location 
simultaneously, as shown in Figure 14. The full damage timeline can now be established. As soon 
as the first delamination appears and propagates, the newly separated volumes act like a new set 
of independent sub-beams deforming under 3-point bending. As delamination progresses and 
global deformation develops, new delaminations will form at the mid-thickness of the new sub-
beams. The location of the subsequent delaminations, the sub-beams mid-thickness, is in 
agreement with the classical predictions of maximum shear stress under three point bending. 

 

 [ 
]

 
Figure 14: Delamination onset location ξ vs onset time t0 for delamination modes (DM) #1 - #4. 

 
Once the damage onset timeline has been established, it is worth addressing the delamination 

propagation phenomena in order to assess the dynamic extent of the experiment. 
 

3.4. Delamination propagation history 

The delamination propagation history along the longitudinal direction of the specimens is 
tracked and shown in Figure 15. The lengthwise location of the delamination front, y, is plotted 
against time. A closer look at the propagation of the first delamination for DM #1 and #2 shows 
three propagation zones: a first rapid propagation zone right after delamination onset, a second 
stagnation zone with slow propagation or no propagation at all and a third rapid propagation zone 
at a slightly smaller speed than in zone 1. The propagation speed for the ith zone is noted as vi

del 
with i = {1, 2, 3}. 

 
Figure 15: Left) Propagation history of delamination #1 vs time; right) detail of the observed propagation zones. 
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3.5. Delamination propagation speed 

Delamination propagation speeds are extracted using a linear regression from the delamination 
propagation history as seen in Figure 16, resulting propagation speeds are summarized in Table 2. 

 

y 
[m

m
]

y 
[m

m
]

 
Figure 16: Delamination #1 propagation speed extraction for six specimens. 

 

Ke0
Delamination 

#
Delamination 

Mode
v 1

del

[m.s-1]

v 2
del

[m.s-1]

v 3
del

[m.s-1]
241 1 1 2001 13 310
260 1 1 1289 106 566
343 1 1 1699 19 1400
391 1 2 1748 15 817
478 1 2 1969 3 269
596 1 2 1728 143 692  

Table 2: Delamination propagation speeds. 
 
Figure 17 left) shows the initial propagation speed, v1del, for delaminations #1 and #2 along with 

the theoretical propagation speed of a shear stress wave according to the 1-D wave propagation 
theory, cth

13, using the quasi-static value for the transverse shear module GQS
xy = 3 GPa,  (-∙-) in Eq. 

1. It can be seen that delamination propagation speed also remains stable with the impact energy 
for delamination #1. For delamination #2, two clusters can be seen as observed in section 3.3.1 
with respect to the delamination mode they belong. It can be seen that an average delamination 
speed of 1700 m.s-1 can be achieved with low impact energies down to 200 J. 
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Figure 17: Experimental delamination propagation speed vs impact energy Ke0. 

 
The average experimental propagation speed cexp13 is 44% higher than the quasi-static 

transverse shear wave propagation speed cth13. The dynamic shear modulus Gdynxy can be derived 
as follows: 

 2exp exp 6.2
dyn

xy dyn
xy xy xy

G
c G c GPa


     

 
Assuming that the transverse shear wave is the main driver of the delamination propagation, 

the dynamic transverse shear module Gxy is increased by 107% under dynamic loading. 
 

3.6. Delaminations versus Impact Energy 

Figure 18 b) shows the number of delaminations generated for a range of impact energies 
between 60 and 1050 J. It can be seen that the relationship between both magnitudes can be 
fitted by a linear regression hinting towards a constant value of the interface toughness within the 
studied impactor energy range. It can also be seen that the unidirectional specimens present a 
higher number of delaminations than the woven specimens for similar impact energies indicating a 
weaker interface fracture toughness. 

 

 
Figure 18: Number of delaminations observed vs V0 left); vs Ke0 right). 
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Delamination onset location, onset time and propagation have been measured experimentally 
and analyzed. The next section contains the analytical development of a 1-D generalized wave 
model intended to shed light into the stress state present throughout the specimen thickness in 
order to understand the mechanisms driving the delamination onset. 

 

4. 1-D generalized wave mechanic model 
 
The 1-D Generalized Wave Mechanic model (GWM) presented by Eriksen [20] is followed and 

extended in order to obtain an analytical representation of the through-thickness stress 
distribution across the specimen thickness for a given time t, i.e. σ = σ(x , t). 

Figure 19 shows a schematic of the experimental system and defines a number of constants 
along with the interface between the specimen and the projectile (a) and the free boundary 
located at the backside of the beam (b). Three spaces are presented in the impact system: the 
projectile, the beam specimen and the surrounding air behind the beam specimen. The following 
constants are defined: 

E: Young’s modulus in the travel direction of the wave. 
A: Area upon which the bodies interact with each other. 
ρ: Density of each body. 
 

 
Figure 19: Schematic overview of the specimen, the projectile, interfaces and model constants. 

 
The process starts with the impact generating a stress wave into both the specimen and the 

projectile. This wave is partly transferred at the interface (a) into the specimen while part of it is 
reflected back through the projectile towards its backside. The transmitted part travels through 
the specimen until it reaches interface (b) where it reflects again. The reflected part from interface 
(b) propagates back towards interface (a) where it reflects and transmits again. This reverberation 
process keeps going until the waves are totally dissipated. The following assumptions apply to the 
wave motion: 
 1-D dispersion free wave motion. 
 The specimen behaves linear elastic up to delamination. 
 A single loading wave is generated by the projectile. 
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 The specimen remains in perfect contact with the projectile during the entire impact 
duration. 

 The interfaces remain perfectly flat during the entire impact duration. 
 

Eq. 2 describes the 1-D dispersion free wave motion as defined by Graff [21]: 
 

2 2
2

2 2

u u
C

t x

 


 
 Eq. 2 

 
Where C is the elastic wave speed calculated as, 
 

E
C


  Eq. 3 

 
The total stress at a given location within the specimen’s thickness is given by the summation of 

all incident and reflected waves passing through that specific point. 
 

( , ) ( ) ( )x xx t x C t x C t          Eq. 4 

 
Where the sub-indexes +x and –x indicate right and left propagating waves respectively as 

indicated in Figure 19. The transmission and reflection phenomena described at the beginning of 
this section are characterized by four coefficients, two coefficients per interface: 

 
 B0 Transmission coefficient of interface a. 
 B1 Reflection coefficient of interface a. 

 B2 Reflection coefficient of interface b. 
 B3 Transmission coefficient of interface b. 

 
The specimen remains in perfect contact with the projectile for the duration of the impact so 

stress equilibrium over the interface applies and no gaps are formed or superposition of material 
occurs. The coefficients are calculated with classic wave mechanics as described by Meyers [22]. 
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 Eq. 8 

 
The super indexes T and R denote transmitted and reflected respectively and z denotes the 

mechanical impedance defined by 
 

z E  Eq. 9 

 
The mechanical impedance of the air can be immediately dismissed by considering the air as a 

compressible fluid with Ea = 0, hence za = 0. Substitution in Eq. 7 and Eq. 8 yields B2 = -1 and B3 = 0 
which correspond to the reflection and transmission coefficients of a free boundary. Additionally, 
assuming that AI = As = Aa, Eq. 5 to Eq. 8 become: 
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The time it takes for an elastic wave to propagate over the entirety of the specimen is named t0 

and is calculated as 
 

0
s

th
t

C
  Eq. 14 

 
Each reflection at an interface is numbered by n = 1, 2, … k where k is the kth reflection. For an 

incident wave of arbitrary shape σi(t), Figure 20 shows the X-T diagram of the reflection process 
within the specimen. 

 

 
Figure 20: X-T Diagram for wave motion within the specimen. 

 



19 
 

The loading process starts at t = 0 and n = 0 where the incoming incident pulse σi(t) is 
transmitted at the interface a. As time progresses, the wave will experience reflections at both 
interfaces and the stress state at a specific point of the thickness will be the summation of all the 
incident and reflected waves passing through that point. The resulting analytical stress state up to 
t = 4∙t0 is developed henceforth. 

 
0 ≤ t ≤ t0 
No reflection has occurred yet, the stress at (x,t) is given by only one incident wave σ+x = σi 
traveling right and no wave traveling left, σ-x  = 0 : 

 

0( , ) 0 0s i i
s

x x
x t B t B t t

C th
  

            
  

Eq. 15

 
t0 < t ≤ 2∙t0 
One reflection has occurred, the stress at (x,t) is given by the summation of right traveling wave 
σ+x = σi and the left traveling wave σ-x  = σ1R, 

 

0 0 0( , ) 0 2 1s i i

x x
x t B t t B t t t

th th
  

                        
Eq. 16

 
2∙t0 < t ≤ 3∙t0 
Two reflections have occurred, the stress at (x,t) is given by the summation of the right traveling 
waves σ+x = σi + σ2R, and the left traveling wave σ-x  = σ1R, 

 

0 0 0 0 0( , ) 0 2 1 2 1 2s i i i

x x x
x t B t t B t t t B B t t t

th th th
   

                                     
Eq. 17

 
3∙t0 < t ≤ 4∙t0 
Three reflections have occurred, the stress at (x,t) is given by the summation of right traveling 
waves σ+x = σi + σ2R, and the left traveling waves σ-x  = σ1R + σ3R, 
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 Eq. 18 

 
Generalizing for any value of t, the stress state at a thickness location ξ = x/th and time t is given 
by, 

 

0 0
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   Eq. 19 

 
Where, 
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Analyzing Eq. 19, it can be seen that the stress state at (ξ , t) is the summation of the incident 
wave delayed by multiples of t0 and multiplied by the transfer and reflection coefficients of each 
interface. An extra delay is added by the term ξ∙t0, which takes into account the time it takes for 
the wave to reach the specific location ξ in between reflections. Therefore, the stress state at a 
certain point is mainly dependent on the shape of the incident wave σi(t). In order to illustrate 
that, three different incident pulse shapes are analyzed in the following paragraphs. 

 
Ideal incident stress pulse 
Assuming σi = δ(t) in Eq. 19 , where δ represents the Dirac delta function, the stress state 
generated up to 4∙t0 is shown in Figure 21. The top row represents stress history of the incident 
pulse σi(t) over different key instants while the bottom row represents the stress distribution over 
the thickness of the specimen, 0 ≤ ξ ≤ 1. 
 

 
a) b)  c)   d)     e)       f) 

Figure 21: Stress distribution for an ideal incident stress pulse over the thickness of the specimen. B0 > 1; -1 < B1 < 
0; B2 = -1. The arrows indicate the direction of movement of the stress front. 
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As soon as the compression incident pulse begins, a), it transfers to the specimen and a 
compressive (negative) stress pulse rises at the impact side and travels through the thickness of 
the specimen, b). Once the compression pulse reaches the backside of the beam specimen, c), it 
encounters a free boundary and therefore reflects changing its sign (B2 = -1) becoming a tensile 
(positive) stress pulse, and travels backward towards the impact side, e). The tensile stress pulse 
travels backwards through the thickness of the specimen soliciting the material in traction, until it 
reaches again the impact side, and reflects changing its sign, f). 

The ideal stress pulse is used as an illustration case to validate the analytical model and 
understand the wave motion inside the specimen. However, in real life, the impact has a finite 
duration and hence the assumption that the incident pulse can be represented by a Dirac delta is 
not valid. Experiments show that the duration of the impact is between 100 and 150 μs. 

 
Square incident stress pulse of duration tp = 100 μs. 
A compressive square stress pulse of duration tp = 100 μs is analyzed using the Heaviside step 
function H(t): 

 
( ) ( ) ( )i pt H t t H t     Eq. 23 

 
Since the first delamination is observed at ξ = 2/3, the stress state at that specific through-

thickness location can now be derived by substituting Eq. 23 in Eq. 19. 
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Eq. 24

 
t0 < t ≤ 2∙t0 
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Eq. 25

 
2∙t0 < t ≤ 3∙t0 
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3∙t0 < t ≤ 4∙t0 
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 Eq. 27 

 
As shown in section 3, the first delamination occurs in a window between 15 and 25 μs and at a 

thickness location ξ = 2/3. The following material properties are used in order to calculate B0 and 
B1: 

 
Property Unit Value Source 
EHDPE [GPa] 0.7 Omar et al. [23] 
ρHDPE [kg.m-3] 940 Measured 
Es [GPa] 11.0 [24] 
ρs [kg.m-3] 1950 Table 1 

Table 3: Material properties for impedance calculations. 
 
Substituting in Eq. 5 and Eq. 6 yields B0 = 1.7, B1 = - 0.7. Figure 22 shows the derived stress 

history for ξ = 2/3. 
 

 
Figure 22: Stress history at ξ = 2/3 for a square incident stress pulse of duration tp = 100 μs. Black markers indicate 

zero stress and blue markers indicate negative stress. 
 
It can be seen that, when subjected to a square stress pulse of duration tp = 100 μs, the 

specimen is only subjected to negative or null through-thickness stresses. This conclusion is not 
compatible with the observed delaminations since negative through-thickness normal stress is not 
known to generate delamination. 

 
Impactor stress pulse 
The impact event is simulated via Finite Elements using the commercial code LS-DYNA and the 

stress pulse generated by the impactor is extracted. The material properties used for the impactor 
are extracted from [23] and the material model used is an elastoplastic model with strain-rate 
dependency. The FE model has been validated against the deformation history of the impactor 
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during tests along with the correlation of the residual length and diameter. The validation of said 
FE model is not the object of this paper. 

The impulse is extracted from the FE simulation and is shown in Figure 23. 
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Figure 23: Numerical incident stress pulse history. Figure 24: Simplified stress pulse schematic. 
 
In order to develop analytically the stress distribution across the thickness of the specimen, the 

incident pulse is simplified by a stepwise function as shown in Figure 24. It consists of a rise phase 
up to t = tmax, a relaxation phase between tmax and tpl0, then a plateau face between tpl0 and tplf and 
then a fade out phase between tplf and tf. The simplified pulse is fully defined by these temporal 
parameters plus the maximum stress σmax and the plateau stress σpl. 

The six parameters are identified and summarized in Table 4 and the resulting simplification is 
overlaid on top of the numerical stress pulse in Figure 25. 
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Parameter Value Unit 
tmax 2 [μs] 
tpl0 9 [μs] 
tplf 90 [μs] 
tf 130 [μs] 
σmax -188 [MPa] 
σpl -90 [MPa] 

 

Figure 25: Simplified (-) and numerical (- -) stress pulses. Table 4: Identified parameters. 
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The simplified function is now a stepwise function consisting of five parts: 
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Eq. 28 

 
Substituting σi(t) from Eq. 28 in Eq. 19, the stress history can then be derived and is shown for ξ 

= 2/3 in Figure 26. 
 

(2
/3

,t)

 
Figure 26: Stress history at ξ = 2/3 for a simplified stepwise pulse. Black markers indicate zero stress, blue markers 

indicate negative stress and red markers indicate positive stress. 
 
It can be seen that, during the interest window, the specimen is subjected to a positive stress 

with a duration of approximately 5 μs. The value of the positive stress linearly decreases from 130 
MPa to 0 within the interest window. This stress state is compatible with the observed 
delamination, both in terms of time and through-thickness location. 

 

5. Discussion 
 
The first aim of the Narrow Beam Impact Test is to recreate the damage modes seen under 

near-field blast loads on composite panels in controlled laboratory conditions. Tests with impact 
energies ranging from 60 J to 1050 J were carried and delaminations counted. It was noted that 
delamination number increases with impact energy. This is a natural assumption that could be 
made without need of experiments but the fact that the impact energy is not dissipated via ply 
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failure or impactor penetration reflects on the good choice of the impactor material. No 
penetration was observed for any specimen and ply failure was only observed for a specific 
damage mode that occurred within a narrow band of impact energies. 

The second objective was to observe and measure the damage timeline generated throughout 
the thickness of the specimen in real-time. Three magnitudes were measured: delamination onset 
time, delamination onset location and delamination speed propagation. 

Firstly, the delamination onset time observed is fairly constant for woven laminates, with an 
average ca. 20 µs. This can be explained as the elastic wave propagation speed is dependent on 
the material impedance of the medium where it propagates and not on the magnitude of the 
stress pulse. This is an interesting observation since it shows that this experiments can be carried 
out at low impact energies (below 500 J) resulting in a more compact experimental setup. 
Additionally, it also results in a lower deformation of the HDPE impactor, which contributes to a 
simpler finite element simulation. The less the impactor ventures into the non-linear realm the 
simpler the material model can be. This is especially significant for a polymer like HDPE as it can 
undergo severe radial deformation, difficult to model with classical Eulerian numerical elements. 

Secondly, it was shown that the delamination onset location progresses towards the back of 
the specimen as the impact energy increases. It is the authors’ postulate that, as the impact 
energy increases, so does the stress peak induced by the impact and hence the more chances are 
that a particular interface through-thickness tensile strength is reached. This is accentuated by the 
fact that composite laminate interfaces are highly inhomogeneous, especially in woven laminates. 
The fact that the onset delamination location remains on the rearmost third of the thickness is a 
useful piece of information when it comes to designing protection panels. An armor designer could 
then tailor the specimen layup to position the ideal material architecture at the specific location 
when delamination initiates. A dual-purpose plate could be engineered where the first half of the 
thickness is intended to withstand direct ballistic impact and the rearmost half is designed to 
absorb blast loads. 

Lastly, delamination propagation speeds show three different propagation zones during the 
first 100 µs after impact. The initial delamination propagates at a speed of ca. 1700 m.s-1, even for 
low impact energies, which reinforces the idea that a more compact experimental setup can be 
used. The delamination, or crack, propagation speed is usually used in the literature to quantify 
the dynamic extent of the experiment. Comparing to the literature, 1700 m.s-1 crack propagation 
speeds can be considered within the upper tier of the existent published data for thermoplastic 
composites. 

Regarding the different propagation zones, the plateau observed in propagation zone 2 could 
be attributed to the vibration induced deformed shape of the beam interfering with the 
propagation of the delamination. However, this is not likely the case since the period of the first 
vibration mode of the free-free beam is about 25 times larger (ca. 900 µs) than the duration of 
both zone 1 and zone 2. It could be attributed to a stress wave interference with a reflected 
longitudinal stress wave coming from the longitudinal edges of the specimen. 

Woven specimens show a higher threshold for delamination initiation than UD specimens do, 
which is consistent with the available data in the literature in terms of fracture toughness and 
energy release rate. Woven specimens also show a lower number of delaminations than UD 
specimens for similar impact energies. 

It has been showed that the delamination onset time and the delamination propagation speed 
are independent of the impact energy. Therefore, the focus of the future enhancements to the 
experimental rig should be put into enhancing the tracking capabilities and not into increasing the 
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capacity of the gas gun to deliver higher impact energies. Both delamination onset time, location 
and propagation speed need a low time resolution of at least tres = 10 µs, although it is 
recommended to lower it below the through-thickness propagation time of the initial pressure 
stress wave in order to be able to have a couple of frames before the stress wave reflects back. 
This is thickness dependent as well as material dependent; hence, a choice of different materials 
could be done if cameras with such a low time resolution were not available. The spatial resolution 
is also key to identify such small delaminations, the current image resolution of 2.5 pixels per mm 
is enough for a visual identification of the measured quantities but if an automation is intended, 
i.e. an edge/crack detection algorithm, the image resolution must be increased. This could be 
done by selecting higher end high-speed cameras capable of low time resolutions and higher 
spatial resolution. Another option would be to approach the cameras to the specimens. Since 
bringing the cameras closer to the specimen results in a reduced field of view, the experimentalist 
must carefully frame the beam specimen in order to ensure that the loss of information due to the 
downstream travel of the specimen is minimal. 

The Narrow Beam Impact Test provides the experimentalist with a single dataset per test that 
can be post processed in several ways and extract different material properties under dynamic 
loading. All without having to deal with different acquisition systems to setup synchronize or 
calibrate. There are no strain gages involved, lasers, accelerometers or any secondary measuring 
devices that need to be synchronized with the raw video footage. Other material properties can be 
calculated from the resulting dataset directly with some minor post processing. For instance, the 
free vibrations observed under low energy impacts can be used to derive the dynamic longitudinal 
young modulus, Edyn

yy . The curvature of the specimen right before ply failure could be measured 
and used in order to derive the dynamic longitudinal strength of the laminate by means of simple 
beam theory. 

 

6. Conclusions 
 
Eighty-nine monolithic, thick composite beam laminates were tested under soft impact load 

with impact energies in the range [60 - 1050] J. The specimen geometry was tailored in order to 
expose the thickness side to two high-speed cameras in order to track the damage timeline live as 
it forms and develops. Damage modes were described and reported for both woven and UD 
specimens. It was observed that specimens showed a consistent increasing number of 
delaminations with impact energies except for a narrow band of impact energy where ply failure 
happened right before delamination. It was also found that the number of delaminations 
increased proportionally with the impact energy suggesting that the interface toughness does not 
vary significantly within the impact energy range. The threshold for delamination initiation was 
higher for woven specimens than for UD specimens and more delaminations were observed for 
UD specimens than for woven specimens for similar impact energies. 

Focusing on woven specimens, it was shown that the first delamination starts between 15 and 
25 µs after impact independently of the impactor energy. Additionally, delamination onset 
location is consistently found on the rearmost third of the specimen and is stable within the ⅔ - ¾ 
thickness span. 

An analytical model has been introduced in order to predict the through-thickness stress 
history across the thickness of the specimen. The stress history in itself is the result of multiple 
wave reflections at two interfaces with two different reflection coefficients that interfere with 



27 
 

each other. What’s more, the stress history is strongly dependent on the shape of the incident 
pulse applied to the specimen. In order to illustrate and verify the analytical model, an ideal 
incident stress pulse is applied to the analytical model using the Dirac delta function. 

However, the experimental impact has a finite duration tp and as a first approximation, the 
stress history is calculated using a square incident stress pulse of finite duration tp. As a result, the 
stress history shows that the specimen undergoes mostly null stresses at the delamination 
location with short lapses of compressive stresses. This is incompatible with the observed 
delamination that occurs substantially before the impact has ended. Subsequently, the analytical 
model was taken a step further by introducing a stepwise incident stress pulse that simulates the 
stress pulses observed during numerical simulation of the impact. By doing so, it was found that 
the stress history at the experimental onset location presents a high tensile stress phase that 
coincides with the experimental delamination window. 

Given that delamination occurs under high through-thickness tensile stresses, and that 
delamination starts at the center of the beam’s length, where interlaminar shear stresses are null, 
it can then be concluded that the first delamination initiates under pure mode I opening. 

Delamination propagation speeds were measured and an average of 1700 m.s-1 was found for 
the first delamination. It was also observed that the propagation speed was independent of the 
impact energy. While three distinct propagation zones were identified, a rapid initiation phase, 
followed by a stagnation phase with very little propagation and a third one where propagation 
speed picked up again. 

Finally, the comparison of the different propagation speeds with their theoretical counterparts 
using 1-D stress wave propagation theory led to conclude that, if no other stress wave interaction 
is considered, the dynamic out-of-plane shear modulus is doubled under dynamic loading. 
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Abstract. The growing applications of layered fiber reinforced composite ma-
terials lead to the potential use of such lightweight materials for blast and bal-
listic impact resistant panels. Under such high strain rate loading, through-
thickness damage propagation is crucial for the structural integrity of the panels.
Experiments performed in composite panels under blast loading exhibited little
information for the understanding of the time-line of damage propagation as
only post-mortem inspection can be done. Instrumentation may be installed in
order to follow the blast but the task reveals itself arduous as all the instruments
must be protected against the blast. The sparse information can be valuable for
configuration screening purposes, but is not sufficient for comparison and vali-
dation of numerical models. The work focuses on performing controlled impact
experiments in narrow beams filmed side-wise with high-speed cameras. The
narrow geometry of the beams leaves the thickness of the specimen exposed
to the cameras allowing for a real-time monitoring of the stress waves propa-
gating and for assessing the time-line of through-thickness damage propagation
onset. Results showed that polyethylene impactors, given the right diameter,
are the most suitable soft impactors. Numerical models including in-plane and
out-of-plane damage propagation are being built in order to replicate the exper-
imentally observed damage. The ultimate goal being establishing design rules
for such lightweight fiber reinforced panels. It is numerically observed that,
the speed propagation of delamination in the longitudinal direction reaches a
common constant value for all interfaces.

1 Introduction

Full-scale Glass Fiber Reinforced Plastic (GFRP) plates have been tested under blast loading
for several configurations of composites, steels, and mixed structures.
Although the full-scale tests contributed to direct the research towards the most resistant con-
figurations, little information could be extracted of the very short time when the transient
failure phenomenon developed. Only post-mortem inspection could be performed, which led
to the need of designing a new experimental setup allowing for this transient failure time-line
to be observed and replicated via numerical simulations. This paper aims to describe the
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experimental setup, including the trials that led to its final design, describe the first tests per-
formed with it, and finally outline the numerical model built for replicating the experimental
results.

2 Experimental Setup

2.1 Description

Experiments are being conducted at the impact laboratory facilities of the Department of Ma-
terials and Production in Aalborg University, Denmark.
The setup consists of a target frame and a gas gun as shown in figure 1 below.

a) Target Frame, AAU impact laboratory. b) Gas gun, AAU impact laboratory.

Figure 1: AAU Impact laboratory facilities.

A ∅20 mm, 2 m long, barrel has been used, reaching maximum velocities of approx. 500m/s.
The gas gun propels the projectiles using air at a maximum of 200 atm., released by a manual
valve.
Narrow beams are impacted allowing for a full recording of the spatial and temporal pro-
gression of the delaminations that occur when a composite system is abruptly solicited out of
plane. This is done by means of high-speed cameras filming the specimen side-wise, leaving
the entire side of the plate visible to the cameras, as opposed to traditional plate geometries.

2.2 Beam specimens

Selected beam specimens with different GFRP laminate configurations have been tested along
with layered steel/GFRP configurations.
The beam dimensions are 320mm x 20mm x th, th being the beam thickness, which is de-
pendent on each particular beam configuration as all the beams are designed to have an equal
area weight of 44 kg/m2.
It has been found that painting the observed side of beam specimens matte withe enhances
the damage observation. 5mm apart black lines have been painted on the impactor and the
specimens in order to have a sense of scale while analyzing the recordings. See figure 2.

Figure 2: Beam specimens before impact. Left) Before painting, Right) After painting.
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2.3 Impactor considerations

Several impactors, 50mm long cylinders with a 20mm diameter have been tested in order to
assess their suitability. Several disturbing phenomena were identified and trials were made
in order to avoid them. The main goals being ensuring repeatability, minimizing/suppressing
initial impact flash and minimizing debris/impactor shattering that could blur or obstruct the
camera view.
The following impactors: Nylon (PA6), Polyvinyl Chloride (PVC), Polyoxymethylene
(POM), Polyethylene (PE) and Polyurethane-foam (PU) have been tested yielding different
results in term of debris generation, impact flash and severity. Examples of these phenomena
are reported in figure 3.

a) Nylon. b) PU-foam.

c) PVC. d) PE.

Figure 3: Impactor survey.

Figure 3a) shows a thickness spread mechanoluminescent flash upon initial contact.
Figure 3b) shows a complete shattering of a PU impactor generating a considerable amount
of debris that blur the view of the specimen. Figure 3c) shows also a PVC impactor
shattering, however, the particles generated are less thin, which results in less disturbance for
the image acquisition process. Figure 3d) shows a PE impactor experiencing a significant
plastic deformation without shattering that gives way to a wrapping effect around the beam,
possibly reducing the impulse transfered and certainly blocking the camera view of the first
plies on the impact side.
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2.4 Image acquisition

A first acquisition was done using a Photron SA5 camera with up to 20.000 frames/second,
yielding a time resolution of 50 µs and an image resolution of 640x368 pixels. The purpose
of the acquisition was to capture the progression of the onset of delamination along the plies
interfaces. The initiation of such delaminations is linked to the propagation of the pressure
wave generated after impact throughout the thickness. The pressure wave speed is analyti-
cally calculated to be around 2.300 m/s. With an average specimen thickness of 25 mm, the
wave pulse takes around 10 µs to propagate thickness-wise, rendering the time resolution of
the Photron SA5 camera not suitable. However, under the proper lighting conditions, the
propagation of the delamination in the longitudinal direction can be assessed and recorded
using this camera setup, see figure 4 below.

a) Frame 1, t = 0 µs. b) Frame 2, t = 50 µs. c) Frame 5, t = 200 µs.

Figure 4: Delamination propagation, PU foam impactor, impact velocity approx. 300 m/s.

It can be seen that, with a time resolution of 50 µs, it is not possible to capture the
propagation of the onset of delamination thickness-wise between frame 1 and 2. However,
the longitudinal progression is visible between frames 2 and 5.
In order to overcome the time resolution issue, a second setup was adopted using a Phantom
V 2512 camera allowing for a frame rate up to 1.000.000 frames/second. In this particular
case, 380.000 frames/s, i.e. a time resolution of 2.6 µs and an image resolution of 256x128
pixels were used. Therefore, the advance of the pressure wave traveling through the beam
specimen thickness could be captured. It was then possible to evaluate the progression of
through-thickness damage onset. See figure 5 below.

a) Frame 6, t = 29 µs. b) Frame 18, t = 87 µs. c) Frame 39, t = 189 µs.

Figure 5: Delamination propagation, PE impactor, impact velocity approx. 500 m/s.

,

4



Frame 18 shows a delamination onset has reached up to two thirds of the thickness whereas
frame 39 shows that the delamination onset has reached the entire thickness of the beam.

3 Numerical Model

3.1 Description

The ultimate ambition of this study is to establish a numerical model capable of predicting
the damage time-line of a beam subjected to high-strain rate loading such as blast loading
and ballistic impacts.
A Finite Element model using the explicit solver LS-DYNA R9.01 has been built. Several ma-
terial models were investigated by [1] for modeling composite under high strain rate loading.
Ranging from isotropic linear elastic models up to orthotropic models including intralaminar
damage, strain rate effects and, potentially, interlaminar damage modeling. MAT162 in LS-
DYNA developed by the Center For Composites Material from the University of Delaware,
has been identified as the most suitable candidate for the numerical model. A more thorough
description of MAT162 model is stated in section 3.2.
In order to replicate the experiments described in section 2 , a beam model has been built
using MAT162.

3.2 Material Model

LS-DYNA MAT162 has been chosen as the most complete material model available in LS-
DYNA for modeling composite behavior. MAT162 is a material model that allows for the
representation of elastic brittle orthotropic composite materials, both for unidirectional lam-
ina and for fabric lamina, including strain rate effects. MAT162 accounts for 7 different
modes of intralaminar damage, both for matrix and fibers, see [2].
MAT162 does not model delamination as topological separation of the layers. It does so by
degrading the stiffness of the elements adjacent to the interfaces. In order to model topologi-
cal separation of the layer, a step forward needs to be taken. The initial model has been built
using TIEBREAK contacts between the layers. The different layers are not merged topologi-
cally but bound together by a contact modelisation that does not allow any relative movement
between the layers as long as a quadratic failure criteria taking into account Interlaminar Nor-
mal Stress and Interlaminar Shear Stress combined is achieved. The coulomb friction effect
is also modeled between the interfaces, a compressive out-of-plane (OOP) stress will enhance
the Interlaminar Shear Strength (ILSS) before delamination.

3.3 Mesh convergence

Mesh convergence studies have been performed in order to establish the mesh refinement
necessary to obtain stable values in terms of displacement, in-plane stresses and OOP stresses.
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It can be concluded that an average element size of 1mm is sufficient to ensure converged
displacements, as well as converged dominant in-plane & out-plane stresses. This discretiza-
tion corresponds to 300 elements length-wise, 18 widthwise, and 20 thickness-wise.

4 Results
The model allows delamination to propagate along the thickness and the longitudinal direc-
tion.

Figure 7: Linear Orthotropic model : a) σzz at t = 9 µs. b) σzx at t = 20 µs
Comparison between the propagation of the delamination with respect to time will be done
between the experimental recordings and the FE results.
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Figure 8: Delamination propagation.
Figure 8 shows that delamination starts at the top interface and then propagates through

the thickness. It can be derived from the graph that, when the delamination propagation speed
stabilizes, it reaches a speed of around 3.800 m/s.
x/L1/2 : Delamination propagation length, x direction, with respect to the center of the spec-
imen, divided by the beam half-length.

5 Ongoing work
The ongoing work focuses on integrating more sophisticated delamination models (i.e. Co-
hesive Zone Models), in order to replicate more accurately the experimental behavior. Ex-
periments are also carried in a continuous manner in order to better understand the damage
mechanisms of the different layered architectures.
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