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Abstract

The increase of vehicle traffic implies the need for the improvement of vehicle safety, resulting in
considerable and extensive research on this field. The usage of crash boxes as energy absorbers has proved
that they are significantly efficient during a frontal collision scenario, because they decrease the Kinetic
energy and therefore the deceleration that are exerted in the occupants and the cargo, and thus reducing the
probability of the occurrence of injuries and damage respectively. The first crashworthiness experiments
involved specimens from steel and later on from aluminum. However, researchers have noticed that fibre
reinforced polymers (FRPs) can be a promising candidate for crashworthiness applications where
lightweighting is crucial (e.g. Automobile and Aerospace industry). The quasi - static oblique crashing of

FRP energy absorbers is an active area of research.

This thesis aims to explore the crashworthiness behavior of circular tubes under quasi - static oblique
loading. Seventeen circular tubes were tested in various cases of oblique compression, using a Universal
Testing Machine. The tubes were manufactured by carbon fiber reinforced polymer (CFRP) laminas. The
effect of the angle between the loading direction and the specimen’s longitudinal axis (i.e. loading angle)
on the collapse mechanisms and the crashworthiness indicators are investigated. The loading angle ranged
from 0° to 22°. The collapsed specimens were analyzed both macroscopically and stereoscopically as a
means to deeper understand the failure mechanisms of this structure. A numerical simulation of the

experimental procedure was developed using the non-linear explicit Finite Element code LS-Dyna.

The results illustrate the extent of the influence of the loading angle on the energy absorption capability of
the circular tubes. In particular, the larger the loading angle, the less energy is absorbed by the tubes, while
bending gradually replaces other mechanisms of collapse. A larger loading angle is related with less
changes in deceleration. In addition, the numerical simulation is an accurate representation of the tubes’
compression, as the deviation between the energy related crashworthiness indicators of the experimental

procedure and the simulation is less than £10%.
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Abstract in Greek

H avénon g kukhogopiag Tov oxNUAT®OV CUVETAYETAL TNV avAyKN Yo, BEATI®OON TNG 0CPAAELNG AVTMV,
00N YDOVTAG 0 eKTETAUEVT Epevva oTOV TopEa avTd. H ypriomn tov amoppoentdv evépyelag o1o eunpodcio
TUALLA TOV TAOGTOV TOV OYLOTOG EYEL OOEIEEL OTL EIVOIL OTLLOVTIKE ATOTEAEGLLOTIKA KOTA TV TEPIMTOON
NG UETOTIKNG TPOGKPOLOTC, LIAG KOl LELOVOLV TNV KIVITIKN EVEPYELD KOl GUVETMG TNV EXPPASLVGT TOL
00KEITOL 6TOVG EMPATEG KOL OTO LETAPEPOUEVO QPOPTIO, EAATTOVOVTOS £TGL TNV TLOAVOTNTO TPOVUATICUDY
kot (v avtictorya. Ot Tpdteg peAéteg 6TIG OLUTAEEIS AmOPPOPNONG EVEPYELNG OLPOPOVGOY SOKIULOL
KOTOUOKELOOUEVO, OO yAAvPa Kol apydtepa amd cAovpivio. Qotdco, £xel mapatnpndel 0Tl To. VMO
ovvOeta vawka (fibre reinforced polymers - FRPS) givat 1diaitepa vmooyOpueve yio epopuoyég dota&emv
amoppoPnong evépysag Omov 10 HkpO Papog etvor amopaitnro (my. ovtokwvnTofropnyovie Kot
aepodlaotnukn Propnyavia). H owovel - otatikn Ao&n ocvumicon tov FRP oamoppoentdv evépyelag

amotelel éva evepyod medio Epevvag.

216y0¢ ™G TAPOVG UG SMAMUATIKNG epYaciag elval va GUUPEALEL GTI LEAETN TNG CLUTEPLPOPAS KUKAIKMDV
KEAVQOV VIO 010Vel oTatikn] AoEN POPTIOT. AEKAETTA KUKAIKG KEADON TéONKav o€ Ao&n cvumieon vrd
ddpopeg ywvieg pe ™ xpnon kaboikng unyavig dokudv (Universal Testing Machine). Ta kedboen ivor
Kataokevaouévo, amd avOpaxovipata (carbon fiber reinforced polymers - CFRP). Atgpguvdrtar ) enidpaon
¢ yoviog avapeca otn 6ievbouven eopTiong Kot oTov Stopnkn aEova Tov dokipiov (dniadn g yoviog
EOPTIONG) OTOVG UNXOVIGHOVG KaTdppevong, kabdg kot otovg deikteg afloAdynong (crashworthiness
indicators) kd0e kelvpovg. H yovia @dptiong kopdvinke omd 0° £mg 22°. Metd 10 mépag TV SOKIULMY TO
doKipo e£ETAGTNKAV LLOKPOGKOMIKA KOl GTEPEOGKOTIKA Y10 TNV UEAETN TOV UNYOVIGULOV KATAPPELONG.
Ermiong, avamtdybnke oapOuntikn mpocopoimon NG MEPAUNTIKNG O10dlKaciog HEC® TOV KMOKO

nenepacévov otoryeiov LS - DYNA.

To amoteléopato tng epyaciog amewkovilovv TV €KTooTn NG emidpacng ¢ yoviag eOpTIoNg otV
KOVOTNTO ATOPPOPNONG EVEPYELNG TMV KUKAIK®Y KEAVQ®V. ZVYKEKPILEVA, 1) AVENGT TNG YOVING POPTIONG
€XEL OG OMOTEAEGLO, TN LEI®ON TNG OTOPPOPNONG EVEPYELNG, EVA 1| KAPYN oTadtokd ovTikafioTd GAAovg
UNYOVIoHovg Katdppevons. Mia peyaddtepn yovio eoptiong oyetiletor pe Aydtepeg aAloyég otnv
empPpadvvon. EmmAéov, n aptOunTikn Tpocopoinon avamaplotd EToKpIB®g T GUUTIEST] TOV KEALQOV,
Qo Kot 1 ammOKAMoN avapeso otovg ogikteg a&lohdynong, mov oyetiloviol Ye TNV amoppoOenon TG

EVEPYELNG, TNG TEPAUATIKNG dtadikaciog Kot TS Tpocopoimong ivar pkpotepn amd +10%.




Abbreviations - Acronyms

AE: Absorbed Energy

AFRP: Aramid Fiber Reinforced Polymer
CFE: Crash Force Efficiency

CFRP: Composite Fibre Reinforced Polymer
FRP: Fibre Reinforced Polymer

GFRP: Glass Fiber Reinforced Polymer
LU: Load Uniformity

MCEF: Mean Crashing Force

PAN: Polyacrylonitrile

PCF: Peak Crashing Force

PVA: Polyvinyl Alcohol

RTM: Resin Transfer Molding

SEA: Specific Energy Absorption

UD: Unidirectional

UTM: Universal Testing Machine

UTS: Ultimate Tensile Strength
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List of Symbols

a: non - linear shear stress parameter.

B: weighting factor for shear stress.

d: displacement of the specimen.

Omax: maximum displacement of the tube.

Ex: the Young’s modulus in the longitudinal direction of a laminate.
Ey: the Young’s modulus in the transverse direction of a laminate.
E1: the Young’s modulus in the longitudinal direction of a ply.
E>: the Young’s modulus in the transverse direction of a ply.

g: strain.

Gyy: the shear modulus of a laminate.

Gi2: the shear modulus of a ply.

k: ply number.

m: mass of the crashed specimen.

N: the number of plies in each laminate.

P: total normal force applied by the platen to the specimen.

o: normal stress.

t: thickness.

1. shear stress.

V: the Poisson’s ratio of a laminate.
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Chapter One: Introduction

Over the last few decades, the increase of transport vehicles has led to the urgent need for searching for
ways to augment their safety, so that, in case of an accident, the adverse consequences of it to be as mild as
possible. It is a fact that the automotive industry is constantly advancing and improving in the areas of both
active and passive safety. The term passive safety refers to the measures taken with purpose the reduction
of the unfavorable effects of an accident. Therefore, the ability of a vehicle to withstand a collision or crash,
with the aim to protect its occupants of physical injury, or at least to reduce it to a minimum, as well as to

minimize damage to its cargo, is necessary. This ability is called crashworthiness.

Traffic Collisions

The augmentation of transport vehicles resulted in the unfavorable increase of traffic collisions, meaning
that the number of the related injuries and deaths was also escalated. However, due to extensive research
regarding transportation safety this adverse trend has declined. The introduction of energy absorbers in
automotive industry is a significant reason behind this reduction. Figure 1.1 presents the statistics of the
number of cars as well as traffic collision related injuries and deaths from 1991 to 2020 in Greece. The
improvement in vehicle safety is illustrated, but most importantly the size of the problem and thus the
significance of this improvement and the necessity for further advancements in crashworthiness are also

presented.

Crashworthiness Analysis of Shells

Research has mainly focused on the case of frontal collision, where the reduction of the vehicle’s kinetic
energy will eventually be exerted on the occupants and the cargo is essential, in order to maintain their
safety. To ensure this, energy absorbers are used. Crash boxes are shells, placed on the front part of the
vehicle in the direction of the applied force. During a collision or a crash, the force exerted leads to their

deformation, which results in the absorption of the kinetic energy transferred to the occupants and cargo.
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Figure 1.1: Statistics regarding road vehicle traffic and related injuries (source of statistic data: Hellenic Statistic Authority)

When designing energy absorbers, it should be borne in mind that they may be subjected to particularly
high loading values. In order the greatest possible energy absorption to achieved, they must deform
plastically in a great extent. If this did not happen, following the maximum elastic deformation, the elastic
energy would be transferred to the vehicle occupants and the cargo, resulting them being subjected to high
deceleration. Moreover, the maximum force exerted on the energy absorber, and therefore the maximum
deceleration of the vehicle, must remain below a threshold to avoid injury or damage. The shortening length
of the energy absorber must also be long enough to absorb kinetic energy. A stable mode of collapse,
because in this way they can withstand uncertain working loads. Their light weight, high specific energy
absorption, low cost and easy installation are also essential, especially when it comes to applications in the
automotive industry. The energy absorbers’ light weight is particularly important, due to the fact that when

a vehicle’s weight is less, more fuel is saved, and thus less CO; is emitted.

Thin - walled crash tubes are used as energy absorbers in vehicles. They are placed in the frontal part of a
vehicle, between the bumper beam and the front rail, and they can be easily replaced. Crash tubes are able

to absorb great amounts of Kinetic energy in case of a crash, meaning that the forces transmitted to the front




rail, and thus its plastic deformation, are limited. As a result, the rail does not need to be replaced (Figure
1.2). Crash tubes can be constructed in the form of various geometries. Some examples are shells of
cylindrical, rectangular, conical or hourglass geometry, with the former ones predominating. More
specifically, by comparing the cylindrical geometry with the rectangular one, with both of them having
been studied in detail, it is concluded that the existence of angles in the second one contributes to the stress
concertation there, resulting in large cracks and thus degrading the mechanical properties of the energy

absorber.

bumper beam

crash box

side front member
upper front member

massive plate

closing pl#e

Q00000

Figure 1.2: Old and new front end vehicle structure. [1]

Energy absorbers used to be made solely of metals, such as aluminum, but after extensive research it became
clear that composite materials are characterized by many advantages. Some typical examples of composite
materials used in energy absorbing applications are carbon fiber reinforced polymer (CFRP), glass fiber
reinforced polymer (GFRP) and aramid fiber reinforced polymer (AFRP), while in several cases foam is
used as a filling inside the tube. Regarding crashworthiness applications, the advantages of composite
materials include high specific energy absorption, high stiffness - to - weight and low specific weight - to -
density. In addition, the mechanical properties of composite crash tubes, and thus their collapse mode, can
be adapted appropriately by choosing the most suitable combination of fiber material, matrix, as well as

fiber direction.

The use of composite materials provides the necessary progressive deformation and stable collapse in a
controlled manner. More specifically, the crash mode of the crash boxes depends on the geometry, the
characteristics of the material and the testing parameters, while additionally it can be classified in one of

the following three modes. The first mode is progressive failure with the formation of microcracking




(Figure 1.3). Microcracking is the dominant mechanism of collapse, in contrast with the plastic deformation
of metals. It results in the absorption of large amounts of kinetic energy, more than any other mode of
collapse. For this reason, progressive failure is the desired mode. Trigger mechanisms are often used to
achieve the collapse of the specimen in this mode. The second mode is brittle failure of the crash tube,
which leads to catastrophic failure resulting to low energy absorption (Figure 1.4). The third mode is
progressive folding and hinging, which is similar to the case of thin-walled metal tubes, while additionally

provides medium energy absorption (Figure 1.5).

Progressive collapse Final view after
collapse

Figure 1.3: Progressive failure of a specimen (mode I). [2]

Figure 1.4: Brittle fracture of a specimen (mode I1) and final view of it after the collapse. [2]

Figure 1.5: Progressive folding of a specimen (mode I11). [3]
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The complexity of the phenomenon makes experimental testing an integral part of the research on energy
absorbers. Although full sized cars with dummies as their occupants are used, due to their high cost a large
part of the experimental work is carried out on test specimens. Two main experimental techniques are
usually followed. The first one regards the quasi - static loading of the specimen using a universal testing
machine. This technique simulates relatively accurately the case of low - speed collision. The second
technique is the drop hammer, which concerns the dynamic loading of the specimen. In this thesis, the first
technique was used, due to the fact that the stages of collapse and the related failure mechanisms that are
developed during the compression test are more observable. Finite element commercial programs are also
used to model the collapse of crash tubes, although there is a need of improvement. Through them, a smaller
number of test specimens is needed. As a result, the cost is reduced. Furthermore, in the case of modeling

an entire vehicle, the construction of an expensive prototype is not required.

Applications of Crash Tubes

Crash tubes have many applications in a plethora of industries, strongly contributing to the reduction of
collisions’ consequences. As mentioned above, they are widely used in automobile industry. They can also
be found in a variety of other industries. Crash tubes provide the same benefits in rail transportation as in
the automobile industry. In Aerospace they are used mainly as protection in seating in case of a crash, while
regarding Defense industry they are able to both support and mitigate any prospective blasts in areas such
as doors, floors, seats, and storage spaces for tactical vehicles. Another application of crash tubes is in
shipping industry, in which they provide protection in sensitive cargo such as nuclear materials. Crash tubes

also augment industrial safety and reduce the industrial accidents.

Reduction of Environmental Pollution

An important factor that should be taken into account is the selection of a material that would contribute to
environmental pollution as little as possible. A great advantage of composite materials is their light weight.
CFRP energy absorbers combine light weight with excellent mechanical properties, such as high stiffness
to weight ratio, while they are also known for their high specific energy absorption. Lightweighting is an
increasingly important factor in automotive industry. When an energy absorber, and thus a car, is lighter,

the fuel consumption is less. This results to lower CO2 emissions and air pollutants, such as NOy and SOx.




CO;contributes to the greenhouse effect, meaning that its reduction is urgent so that further global warming
to be prevented. SO, and NO lead to acid rain, while the latter is also responsible for the photochemical
smog. When electric and hybrid cars are concerned, the necessity of a better mass to absorbed energy ratio

is increased, due to the need to reduce the car’s weight so that energy to be saved.




Chapter Two: Literature Review

During the 1960s, vehicle manufacturers began to take vehicle safety into consideration to a large extent.
In 1959 the seat belts were first introduced as standard equipment in cars, while in 1966, the first vehicle
standards were legislated. At the same time, the research regarding the use of crash tubes as energy
absorbers began - a trend that continues to this day. Crash tubes of plenty of geometries have been
investigated, such as of rectangular, circular, hourglass and frusta geometry. Moreover, different materials,

such as metals and lately composite materials, have been explored.

In the beginning, mainly theoretical formulas were investigated. In the 1960, Alexander explored
theoretically the mean load applied on thin cylindrical shells under axial loading. Pugsley studied the
crumbling of a variety of tubular structures, including struts and columns. In the ‘70s and ‘80s, Abramowicz
and Wierzbicki continued Alexander’s research on steel square tubes. Thornton focused on the energy
absorption by structural collapse. Sometime later, Abramowitz and Jones proved experimentally the

theoretical models that have been proposed in the previous decades for both square and circular tubes.

Mamalis et al. [4] investigated the static and dynamic axial crumbling of thin - walled fiberglass composite
square tubes. They observed two failure modes. Mode | is stable, progressive mode and absorbs great
amounts of energy, while Mode Il is unstable, brittle fracture leading to catastrophic failure. Furthermore,
it was shown experimentally that square and circular tubes developed similar deformation mechanisms,
apart from the size of the crash zone over the tube circumference. It was also concluded that the material’s
characteristics play a significant role to the crashworthiness behavior of the specimens, as well as to the

importance of the friction conditions to the energy absorption.

Experiments have been carried out also by Mamalis et al. [5], [6] in order to investigate the crashworthiness
characteristics of axially statically and dynamically compressed thin - walled square CFRP tubes (Figure
3.1). They observed mainly three modes of brittle collapse: progressive crashing, local shell buckling and
mid - length collapse. Progressive crashing mode is the most stable of all and leads to lamina bending and
tube wall splaying, while the specimen absorbs great amounts of energy. The second mode of collapse is
more common on thinner CFRP tubes, while thicker ones tend to collapse by the first or the third mode.
Also, the increase of the number of the fibre reinforced layers of the specimen leads to the rise of the wall
thickness, and thus of the peak compressive load. Moreover, they concluded that the increase of the
compressive strain rate leads to an augmentation of both the peak compressive load and the energy

absorption.




Huang and Wang [7] carried out numerical and experimental
investigations on the axial response of carbon reinforced composite
tubes. They found out that the bevel trigger can control the position of
crashing initiation, reduce the peak force and increase the stability of
axial crashing process. In addition, they developed crashing triggers in

the numerical simulation that can effectively model a bevel trigger and

initiate stable progressive crashing process. Moreover, Mamalis et. al

[8] developed a finite element model for the static and dynamic axial

_ collapse of CFRP tubes. The collapse modes of the experimental
Figure 2.1: Geometry of the square tubes
used by Mamalis et al. [5] specimens were simulated effectively, while the crashworthiness

indicators were close to the experimental, especially regarding the unstable modes of collapse.

Bambach et al. [9] investigated composite steel - CFRP square tubes under axial impact. They observed
that the failure is a ductile and stable plastic mode. The use of composite material at an existing steel tube
gives exceptional crashworthiness indicators, including mean crashing force, specific energy absorption
and load uniformity. Mamalis et al. [2] carried an experimental and numerical research on the
crashworthiness of composite rectangular thin - walled tubes internally reinforced with aluminum or
polymeric foams. The collapsed in mode I which is the most efficient mode in terms of energy absorption.
This study showed that the aluminum foam as a filler material has better energy/mass and energy/volume
absorbing ratio, as well as greater stabilization of the specimen during collapse than the polymeric foam.
Obradovic et al. [10] explored the lightweight design and crash analysis of composite frontal impact energy

absorbing structures. They developed a model to simulate the brittle composite material behavior.

Zhu et al. [11] explored both experimentally and numerically the crashworthiness behavior of aluminum,
CFRP and hybrid aluminum/CFRP circular structures under oblique crashing load (Figure 3.2). They
concluded that the hybrid specimens are more efficient in energy absorption in oblique loading than the
CFRP tubes. In all three material cases the specific energy absorption decreased with the increase of the
oblique angle. When the angle was small and the wall thickness increased, the specific energy absorption
of the aluminum tube also increased, but when the angle was larger, there was little difference. Regarding
the CFRP specimen, the thickness of a ply does not play an important role in failure patterns and thus in
specific energy absorption, as long as the wall thickness remains the same. That said, stacking sequence
quite affects, especially in small oblique angles, specific energy absorption by decreasing it. the effect of
the aluminum layer thickness (hybrid tube) on specific energy absorption was found to be insignificant.

However, the increase of the number of plies led to a great decrease of specific energy absorption for the




confirmations examined. The great difference in the energy absorption between axial and oblique loading

regarding CFRP tubes may be a disadvantage in some applications.

~ Detailed view of
Pure aluminum tube Pure CFRP tube Hybrid tube the hybrid tube

Figure 2.2: Cylindrical tubes used by Zhou et al. [11]

Djamaluddin et al. [12], [13] focused on the finite element analysis and the crashworthiness optimization
and validation of full and half foam filled double circular tube under multiple loading cases. In particular,
the tubes were made from aluminum alloy A6063 T6, while the loading angles were 0°, 10°, 20°, 30° and
40°. They concluded that half foam filled structures are the optimal choices, when a greater loading angle
is regarded. Patel et al. [14] studied the crashworthiness of fibre reinforced composites (FRPs) under axial
and oblique loading. This research showed that the increase of loading angle leads to the decrease of
crashworthiness indicators in value, such as energy absorption, specific energy absorption and peak force,
while a 10° loading angle results to the lower deformation, compared to 20°, 30° and 40° angles. Moreover,
stacking sequence is important regarding the aforementioned indicators. Patel et al. found out that the best

ply arrangement was ([90°,/(0°,/45°,/-45,°),]2s) in comparison with the other arrangements that they tested.

Isaac [15] explored numerically the crashing response of circular thin - walled tubes with non - propagating
crack subjected to dynamic oblique impact loading (Figure 3.3). This study showed that, in a circular tube
subjected in oblique loading, the existence of a crack reduces the mean crashing force and results in the
tube withstanding bending. As a result, the crashing force efficiency initiation is higher. Nevertheless, the

specimens with crack absorb less energy and specific energy than the corresponding ones without a crack.

'1:’ Other geometries of composite specimens under oblique
ﬁei ot crashing loading have been also studied, such as steeple -
el ; triggered hat - shaped structures (Jiang and Ren) [16].
LN ]
| i Furthermore, oblique lateral crashing of aluminum, CFRP and
E GFRP tubes has also been studied by Sun et al. [17]. The lateral
K loading angles were 0°, 10°, 20°, 30° and 45°. They concluded
(E:‘E""’" that the CFRP and GFRP are not good at energy absorption under
| —— bending deformation due to their brittleness, while aluminum
Figure 2.3: Oblique loading (Isaac, [15]). tubes performed much better crashworthiness characteristics.




Chapter Three: Scope of Thesis

Most of the existing research has focused on the case of axial loading, which represents vehicles' frontal
collision. However, a large number of vehicle collision is frontal - oblique. In particular, only 31.1% of
frontal impact car collisions are full frontal ones [19]. This shows the importance of studying the case of
obligue loading, in which there is a significant absence, since in the recent years research has begun to focus
on it. The investigation of oblique loading of crash tubes will result in the comprehension of it, and thus the

ability to improve the passive safety, when frontal - oblique collisions are concerned.

In the present thesis the tubes are made of CFRP. This material is lightweight, meaning that the use of
CFRP crash tubes results in a reduction of the weight of vehicles, and thus their fuel consumption, which
leads to less CO; emissions. Moreover, CFRP is characterized by excellent mechanical properties, such as
high specific energy absorption which make it a promising candidate for crashworthiness applications. The
cylindrical geometry was preferred because of the absence of angles, which ultimately results in better
mechanical properties than the ones of rectangular tubes. In other words, this type of energy absorber is
notably promising, despite its cost and the health hazards in a crash - fire situation (i. e. the dispersed carbon
dust and the toxic gases emitted by the burning of the polymer matrix). Seventeen specimens were cut from
long circular tubular rods and compressed under six different angle cases of loading direction, ranging from
0° to 22° using a universal testing machine. In order to comprehend the mechanisms of collapse and how
the loading angle affects the failure, a macroscopic analysis was conducted along with a stereoscopic one.
The experimental results were exported via computer, and processed accordingly to find the
crashworthiness indicators. The next step was the numerical simulation of the experimental procedure using

the non-linear explicit finite element code LS - DYNA.

The objective of this thesis is to contribute to the study of the behavior of the CFRP crash tubes subjected
to oblique crushing. In particular, it aims to investigate in what extent the loading angle affects the collapse

as well as the crashworthiness indicators of the aforementioned crash tubes.
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Chapter Four: Theoretical Background

Composite materials are the materials that are constructed by two or more constituent materials. They are
usually consisted of the matrix and the fibers, while their production and fabrication may be quite complex.
Composite materials, and especially CFRPs are used for the manufacture of energy absorbers and especially
crash tubes, whose failure can be characterized by different modes of collapse and is affected by a variety
of parameters. Crashworthiness indicators are used to evaluate the effectiveness of crash tubes. Moreover,
CFRP have many advantages in regard with conventional materials. Some of them are light weight, high
stiffness and tensile strength, great energy absorption capability, high chemical resistance, high temperature

tolerance and low thermal expansion, among others.

Classification of composite materials

Composite materials can be classified under a variety of criteria. The following hierarchic chart (Figure
2.1) includes the basic classification of them, according to the type of the bonding material and the direction

and orientation of the fibers.

Composite
materials

Particle
reinforced
composites

Fiber
reinforced
composites

Multi - layer
composites

Multi -
directional
orientation

Unidirectional
orientation

Random Woven Trirectangular
orientation orientation orientation

Figure 4.1: Classification of composite materials
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Another possible classification can be made in relation with the ratio of the length to the diameter (l/d) of
a fiber. According to it, there are continuous or long fibers (1/d > 100), non - continuous or short fibers (I/d
< 100) and whiskers (I = 100 ym and d < 1 um).

Fibers and their construction

Since the improvement of the mechanical properties of the matrix is required, the construction material of
the fibers is selected in order to contribute to this enhancement. More specifically, high Young’s modulus,
high tensile strength, high stiffness, low brittleness and low density are necessary. When advanced
composites are concerned, fibers are made either from inorganic materials, such as ceramics, metals, glass

and carbon, or from organic, i.e., polymers.

Carbon fibers are the most common composite material for high quality applications. They are preferred
when high strength reinforcement and high Young’s modulus are required, while the relevant structure
needs to be lightweight. Carbon fibers are selected when the thermal expansion of the material must be kept
low. Carbon fibers are superior in relation with other materials due to the nature of the carbon element, but
also because of the inter - atomic bonds that are formed among the carbon atoms. The high stiffness, the
high tensile strength as well as the low thermal expansion coefficient are results of the strong orientation of
the (anisotropic) graphite crystallites. Moreover, the high Young’s modulus is a result of the very strong

bonds among the carbon atoms, which are extremely densely distributed.

The raw material of carbon fibers is polyacrylonitrile (PAN) polymer fibers, rayon, and tar. Initially, the
PAN fibers are oxidized at a low temperature of 100 - 200 °C, while at the same time voltage is applied in
order to align the polymer chains. Then, the aforementioned fibers are subjected to pyrolysis (under voltage)
in neutral or reducing atmosphere at a temperature of 1100 - 1500 °C. Thus, high - strength carbon fibers
are produced. For the production of fibers characterized by a high Young’s modulus, the heating continues
up to 2500 - 3000 °C in order to achieve graphitization with simultaneous recrystallization, which lead to
the strong orientation of crystallites. It is worth mentioning that the cost of the production of carbon fibers

is about ten times higher than the corresponding cost of glass fibers.
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Matrix

The purpose of the matrix is not only to enclose the fibers, but also to protect them from possible damage
from their environment, increase the mechanical strength of the composite, as well as transfer the applied
load to the fibers. The matrix constitutes an obstacle to the growth and spread of various cracks and
microfragmentation. Therefore, the matrix’s desirable characteristics are strength, (relative) flexibility,
ductility and the existence of a melting point higher than the maximum operating temperature of the
composite material. It is important that the material and the aforementioned properties of the matrix are
compatible with the material and the properties of the fibers respectively, so that the composite material
achieves high performance. More specifically, the matrix material has lower strength, density and stiffness
compared to the fibers, while the adhesion between the two materials is also important. During their
production, the fibers are embodied in order to achieve better moisture tolerance and greater relevance with
the matrix. During the adhesion processes of the matrix and the fibers, various factors that are found in
diffusion and thermal phenomena and chemical reactions, act on the local alteration of properties on both
sides of the interface. The bonding between the fibers and the matrix is of great significance, because the

strong bonding between them lead to the successful transfer of the applied stresses.

The matrices are divided into organic, metallic and ceramic, while the choice of the suitable one depends
various factors, such as the temperature and the environment that the produced composite structure is
intended to be used.

The organic matrices are divided into thermoplastic and thermosetting ones. Thermoplastic matrices, such
as polyethylene and polystyrene, are polymers and have a low cost. Thermosetting matrices, such as
polyester matrices (characterized by good mechanical properties), epoxy (characterized by very good
mechanical properties and a widespread use in Aeronautics) and phenolic matrices (with moderate
mechanical properties and low plasticity), are used in cases that better mechanical properties are required.

The operating temperature of the organic matrices should not exceed 300° C.

Fabrics

Usually, advanced composite materials that are used in the construction of structures and components are
in the form of fabrics. There are two main categories of fabrics: the unidirectional (UD) and the woven

ones. The unidirectional are fabrics that the majority of the fibers extend in the same direction (Figure 4.2).
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In most cases the direction is 0°, otherwise 90° or 45°. It is worth mentioning that

a small part of the fibers, ranging from 5% to 25% of the total weight of the
fabric, extends in different directions than the main one, in order for the fibers to

be held in place. In addition, these small proportion of fibers sometimes

contribute to the various mechanical properties. Unidirectional fibers are usually

characterized by good strength in the main direction, but poor one in the other. fFitg)U_re ‘E-l%]U”idireC“O”a'
aprics

The unidirectional fabrics are suitable for the precise placement of the material,

but also for the achievement of the optimal quantity for each application. For this reason, the fibers of
unidirectional fabrics are long, continuous and straight in order the production of composite structures with
the highest possible mechanical properties to be feasible. However, a great number of applications that use
composite materials require the fabric to include fibers in more than one direction, usually 0° and 90°.
Woven fabrics are constructed by crossing the fibers that are perpendicular to each other in a specific
weaving pattern. Therefore, the integrity of the fabric is maintained by the mechanical entanglement of the
fibers. The waving pattern determines the elasticity of the fabric, the smoothness of the produced surface
and its stability. Some widely used weaving patterns are plain weave, twill weave, satin weave, basket

weave, leno weave and mock leno weave.

Twill weave is characterized by one or more fiber bundles of one direction passing
alternately over and under one or more fiber bundles of the other one, in a defined
repeating pattern (Figure 4.3). Macroscopically, the fiber appears to be divided into
diagonals. Twill weave’s characteristics include very good elasticity, good stability, 0 ' N

«

while the produced structure has a sufficiently smooth surface and satisfactory ""'I' SR

mechanical properties. Figure 4.3: Twill weave
[19]

Imperfections of composite materials

Composite materials are inhomogeneous. As a result, the formation of defects, as well as their effect on
structures is more complex than when metals are concerned. Generally, damage to a composite structure is
not caused by the development of a single defect, but of a series of minor ones that ultimately lead to
detachment and failure. The imperfections of composite materials are created either during construction or
during use. The most significant defects, which appear among the layers of the material and are created
during construction, are voids, porous foreign inclusions, incorrect direction of the fibers and areas with

excessive or insufficient amount of resin. Regarding the main defects appearing while using the composite
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structures, they are delamination, bending of the fibers and cracks of the matrix, and they usually occur due

to impact or overload of a structure.

Composite fabrication methods

There is a significant variety of fabrication methods regarding composite materials. The suitability of each
one depends on the material, design, and the application of the produced composite. Generally, the
fabrication of composite materials includes wetting, mixing or saturating the reinforcement with the matrix.
After that, via heat or a suitable chemical reaction, the matrix and the fibers bond together, resulting to a

rigid product. Most methods include an open or closed forming mold.

One of the simplest, oldest, but often slow and painful, methods is hand lay - up. It is an open mold method,
requiring minimum equipment, being appropriate for every type of resin and fibers (although aramid ones
may experience slight problems) and been characterized by the ability of discontinuous fabrication of the
material. However, the chances of the existence of imperfections at the

final product are increased, while it is the less accurate method. Hand

lay - up method is used for the construction of both large and smaller —
structures. The fibers, in the form of fabric, are placed in the mold, in .

which a layer of protective material has already been placed. Then, the \ ‘ (7

resin is manually applied to them. This process is repeated until all the Figure 4.4: Hand lay - up method [20]

layers are applied. The impregnated laminate is then let to dry under

atmospheric conditions (Figure 4.4).

Another open mold method is spray - up, or open contact. This simple, old, and widely used method is
suitable for the construction of geometrically complex structures, both small or large, while the necessary
equipment is relatively cheap. Usually the matrix used is polyester, whereas the fibers can only be short
fiberglass ones. After the drying of the mold’s protective film, the resin is injected in droplets continuously
into the spray gun and then is sprayed on the surface of the mold. The composite fabric is then placed on
top, and the process is repeated until all layers are applied. The next
step is the drying under atmospheric conditions. A problem regarding
this method is the high resin content of the layers, something that
increases significantly their weight. The resin must have low viscosity
in order to be able to form spray droplets. As a result, the mechanical

Figure 4.5: Spray - up method [20]
and thermal properties of the material are affected (Figure 4.5).

15

—
| —



The vacuum bag molding method is the most widely used closed mold method. It leads to uniform
consolidation of the material’s layers, while the trapped air is removed, reducing significantly the voids.
The impregnated fabrics that are used are placed on the mold. On top of them a release film, a bleeder ply
(in order to absorb the resin’ surplus), a breather and then the vacuum bag are placed. The vacuum bag is
usually made of PVA, nylon, or polyethylene and covers all the above. The created pressure results to the
air removal, the compression of the layers and the elimination of

voids. The structure is placed in an oven, where both heat and ‘T
pressure are applied (outside the bag), leading to a rise of the piy

compressive load already exerted by solely the atmospheric pressure.

Mostly epoxy and phenolic resins are used, while the structures can
have a higher fiber content than regarding other methods. The Figure 4.6: vacuum bag molding [20]
vacuum bag molding method is used for the production of high - end

composite structures (Figure 4.6).

The resin transfer molding (RTM) method is a closed mold method. It can be partially or fully automated.
The mold is covered with a layer of protective material and then the fabric is placed above. The two parts
that the mold is consisted of are screwed together. The resin is inserted under pressure into the mold through
special equipment, and it is usually placed into the oven. The resin’s flow between the layers is increased
when the procedure takes place in vacuum. The fibers can be of any

material, while epoxy, polyester, vinylester and phenolic resins are ' e -

preferred. The produced structures are characterized by very good

surface quality and a small percentage of voids. The RTM method is

suitable for complex and mostly for small pieces, while there is a
danger that the resin would not pass through the entire component, Figure 4.7: Resin Transfer Molding [20]

rendering it useless (Figure 4.7).

Some other composite fabrication methods include fiber winding, vacuum infusion, which is actually a
variation of vacuum bag molding, and compression molding. Also, the finishing of the various composite

structures is important, in order to gain further characteristics and properties.

Energy absorbers

The purpose of an energy absorber is to limit the deceleration that would affect the passengers and/or the

cargo in case of collision. In order to dissipate kinetic energy during an impact, researchers have focused
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on crashworthiness since the ‘60s. Apart from crash tubes, other examples of energy absorbing members
of a vehicle are the upper and lower rails in the frontal part of it. A crash tube should have the ability to
bear the maximum load immediately and maintain it for its entire length, while bearing large geometry
alterations, stain hardening and strain - rate effects, as well as a number of interactions among the various

deformation modes.

The tubes made of composite materials collapse in a totally different manner than their counterparts which
are constructed by more conventional materials, such as aluminum. CFRP tubes show progressive behavior,
amore stable deformation, and greater energy absorption capability than tubes constructed by metal. Energy
is absorbed due to mechanisms such as delamination, fibre breakage and de - bonding and matrix cracking.

GFRP tubes are also characterized by high values of specific energy absorption.

Collapse of crash tubes

The collapse of crash tubes can be split in two phases: The first one is damage initiation (when a failure

criterion is met) and the second one is damage evolution.

Resistance mechanisms include friction and microfragmentation. Resistance affects strongly the energy
absorption capability, the peak force and the material degradation length of a tube. After all, when static
tests are concerned, friction is the greatest mechanism regarding energy absorption. About 50% of the
crashing energy is dissipated as friction, developed either due to various mechanisms taking place in the

material, or in the interface of the crashing plate and the specimen.

Itis of great importance that the crash load would reach the plastic deformation load, because otherwise the
tube follows an elastic behavior, and as a result it does not absorb energy and may cause subsequent damage
to the passengers and the cargo involved. The potential injuries of the occupants are increased with the time
duration of the acceleration and deceleration they are subjected to, something that happens when elastic
behavior is concerned. However, when low energy impacts are concerned, it is better that, in order to
maintain the integrity of the structure, no plastic deformation occurs. This is a reason why the peak crashing

force is significant.

The fibers are subjected to failure sooner than the matrix, due to the difference of their Young’s moduli.
For this reason, when the various cracks are macroscopically visible, the microscopic fractures are

remarkably extensive.
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The governing mechanism is the extensive microcracking development. It depends on the properties of the
fibers and the resin, the direction of the fibers and the interface of the matrix and the fibers. Once load is
applied on the specimen, small interlaminar cracks begin to grow on the material, as local failure starts. The
cracks usually occur parallel to the fiber direction. These cracks, along with the potential fracture of the
lamina bundles, lead to the determination of the crashing mode. It may be lamina bending, traverse shearing

or a combination of both.

Mainly three modes of collapse can be observed during axial collapse.

Progressive crashing (mode I)

The first one (Mode 1) is progressive crashing, like “mushrooming” collapse. At the beginning, the
specimen follows an elastic behavior, until the peak load is reached. Continuous fronds, spreading inwards
and outwards alternatively, are formed during the collapse, with the first ones showing more continuity,
while the second ones developing axial tears and coil downwards, as the tube is compressed. When square
tubes are concerned and after the peak load has been reached, a crack, and therefore splaying of the material,
is formed at each corner, due to local stress concertation, along with a circumferential central intrawall one
at the apex of the tube. These splits continue to spread downwards along the tube axis. Two lamina bundles,
which bend inwards and outwards respectively, can be observed. Regarding circular tubes, there is one
central interlaminar crack that is responsible for this separation, while the two lamina bundles have equal
thickness. This formation is a result of the flexural damage that happens at a distance from the contact
surface. This distance’s value is equal to the wall thickness. These lamina bundles have the ability to
withstand the load that is applied to the tube, until a critical value is reached, after which they buckle. Then,
the friction between the aforementioned bent bundles and the pressing surface (or dropping mass, if a
dynamic test is concerned) lead to the formation of a debris wedge of triangular shape (Figure 4.8). The
continuous loading of the specimen leads to the development of normal stresses on the sides of the debris
wedge and, therefore, of shear stresses because of the friction between the fronds and the debris wedge.
Although the debris wedge remains almost the same throughout the collapse, it penetrates the material of
the tube, and the developed frictional resistance is responsible for the growth of the crack, which, however,
remains small compared with the total length of the tube. After all, the central crack is not affected by the
total length of the specimen. It is worth mentioning that, regarding dynamic collapse, the main crack and
the debris wedge are smaller than when a static test is concerned. As far as square tubes are concerned, the

mechanism is almost the same, except from the fact that the central crack diminishes towards the corners
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of the specimen and generally there is an alteration at the size of the crash zone, especially at the
circumference. This mode is the most preferred, as it is associated with high energy absorption and thus is
the stabler one. It has been observed that shorter tubes tend to follow this mode. The crashing behavior is
controlled by microfragmentation, and not by plastic deformation, as it happens when the material is metal.
Moreover, the aforementioned mechanisms (fronds bending due to delamination and axial splitting growth
between them, interwall crack propagation and frictional resistance between the fronds and the wedge, and

the fronds and the crashing plate) contribute to the absorption of energy.

PLATEN

Figure 4.8: Formation of the debris wedge. [3]

Brittle fracture (mode I1)

The second one (Mode 1) is brittle fracture. It begins at a distance from the apex almost equal with the mid
- height of the specimen. Local severe shear strain leads to cracking and therefore separation of the shell,
which results to catastrophic collapse. It is usually applied to longer tubes. Its energy absorption is of

medium capacity, due to the catastrophic failure of the tube.

Progressive folding and hinging (mode 111)

The third mode (Mode 11) is progressive folding and hinging. It is associated with medium energy
absorption. This failure mode is akin to the collapse of thin - walled metal, such as aluminum, tubes. Local
cracks, which lead to circumferential fractures, are formed in the middle of the specimen. These cracks may
have as a consequence the local and mid - length bulking of the tube. The failure mechanism is therefore
irregular leading to the compression of the tube into folds and the cracking of the tube wall. The collapse

is dominated by the aforementioned local cracks growth, the splaying and fragmentation of the tube, the
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fracture of lamina bundles and finally the compression of the specimen. The load, after it reaches its peak

value, drops abruptly.

Parameters affecting the collapse

The mode and the process of collapse of each specimen depends on a variety of parameters regarding the
material, the structure and the testing parameters, such as the crashing speed and temperature. Some of
them are the specimen’s geometry, including both cross - sectional and lengthwise shape, the properties of
the fibers and their direction and stacking, the characteristics of the matrix and the strain rate. Temperature
affects fracture toughness, the compressive strength of the material and friction. The energy absorption
capability of carbon fiber/epoxy tubes, for example, is rapidly decreased when temperatures higher than
150°C are concerned. The parameters that affect the peak load are the wall thickness, the side width and the
mean circumference of the tube. It is important that peak load is kept below a threshold. Above it, injuries
and damage are likely to occur. If triggering exists, such as beveled top edge, the peak load is less than
without this formation. On the contrary, the length of the specimen plays no role on it. Peak load does not
affect the mean load and the total energy absorption. Mean load is related to the crashing length of the tube.
The length of the tube is of great importance, because the longer the time of the dissipation of the energy,
the smaller the resulting force that will be exerted to the occupants of a vehicle and the cargo. Nevertheless,

long tubes may be subjected to bulking.

Strain rate and crashing speed affect the properties of the matrix and the fibers. More specifically, strain
rate affects the stiffness of the matrix and the failure strain. Crashing speed is related with interlaminar
crack growth and energy absorption, as well as with the friction coefficient between the crashing plates and
the specimen and the debris wedge and the fronds. Because of the fact that static coefficient of friction is
lower when a dynamic test, rather than a static one, is concerned, specific energy is also lower. The
coefficient of friction tends to increase due to the existence of interfacial bonding. All in all, the energy

absorbed by a tube can be affected by strain rate and crashing speed.

Triggering

Triggering has the ability to initialize and control the collapse mode. In other words, it may lead the tube

to fail according to the stable first mode, while otherwise it would suffer brittle collapse. Moreover, it
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reduces the value of the peak force, keeping it even lower than its threshold. A triggering mechanism can
be the sharpening of the top edge, which affects the peak load (Figure 4.9). When the apex of the tube is
grinded, and as a result it is even, there is no eccentricity loading during the test. Triggering can exist either

on the top or the bottom of the specimen.

1 Fully-integrated
elements

Inner
layer

v
[l under-integratea ‘

Outer
layer

Figure 4.9: Modelling of a tube’s bevel trigger. [7]

Remarks on collapse

As mentioned above, until the peak load is reached, the specimen follows an elastic behavior, at least as far
as the vast majority of axial collapsed tubes are concerned. More plies lead to a higher peak load. The bigger
the wall - thickness and the side width are, for a specific material, the greater the size of the elastic
deformation, or pre - crashing, region is. Then, as seen in the load - displacement curve, the load drops
abruptly and the fracture begins to happen (Figure 4.10). After this, the mode of failure that characterizes
the collapse of the tube affects strongly the curve, as well as it plays a great influence at the energy
absorption of the specimen and the magnitude and the stability of the crashing load. This second region is
the crash zone. Regarding tubes that collapse according to the first mode, the curve is characterized by

oscillations around the mean load. The typical formation of peaks and valleys is observed for tubes

Pmax

compressed statically, while for specimens that collapsed T .

dynamically the curve shows mostly serrations, the number of

which increases when the wall thickness is greater. The third

LOAD

region is the compact, or densitification, zone. When square

P,

specimens are concerned, the failure mechanism is that when the

peak value of the load is reached, cracks at the four corners of

S, DISPLACEMENT

the specimen, in which the majority of the crashing load is Figure 4.10: Typical load - displacement graph

of a FRP tube failing according to mode |
(progressive crushing). [3]

applied, and a circumferential intrawall crack at the end of the
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shell near the crushing surface begin to grow, leading to the progressive failure of the tube. The load -
displacement curve that corresponds to a dynamic test has almost the same form with one of a static test,

apart from the existence of more intense oscillations, while the material cracks are formed much faster.

Tubes subjected to collapse that are characterized by the second mode follow an elastic behavior, too, until
the peak load is reached. However, after that, the load - displacement curve drops very abruptly to a
significantly small magnitude. This depicts the catastrophic collapse that is associated with this mode, as
well as its low energy absorption capacity. Regarding square tubes, as mentioned above, the majority of the
load is subjected to the corners of the specimen. In this case and if the dimensions of the tube are
appropriate, a bending moment, that is applied on a corner and at some distance from the apex of the
specimen, reaches a critical value, resulting to the collapse of the material there due to bending and thus

catastrophic collapse, before the rest of the tube approach a critical crashing stress value.

Circular tubes have been found to be characterized by greater values of specific energy than square ones,

and thus they have greater energy absorption capability.

Foams have been used as fillers of the tested tubes (Figure 4.11). All foams have analogous collapse mode.
When closed - cell foams are concerned, the enclaved air cannot go out, in contrast with open - cell foams.
As a result, it gets compressed and the foam acquires elastic characteristics. After the first stages of
compression, the total specimen’s behavior is as the one of a solid material. Metal foam provides high

capacity of energy absorption.

Experimental

Simulation

3.6 mm 11 mm 19.4 mm 311 mm

Figure 4.11: Experimental and simulated stages of the collapse of a tube reinforced
with polyurethane foam. [2]
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Behavior of tubes under oblique loading

A number of recent studies have explored the behavior of tubes under oblique loading. Of great importance
is the area of contact between the tube and the plate, which depends on the angle. During oblique loading,
the specimen tends to bend and as a result a part of its length does not contribute to plastic deformation.
This leads to the absorbed energy being lower than in the case of axial loading. Lower is also the peak
force. As the loading angle increases, both the crashing length and the absorbed energy decrease. Actually,
there is a critical loading angle which, along with the tube’s thickness, changes the axial collapse mode to
the bending one. When crack initiation exists, the crashing force efficiency increases. This happens because
this initial crack decreases the value of the maximum load and the susceptibility of bending. The absorbed
energy and the specific energy absorption are lower than when tubes without a crack are concerned. If the
tube subjected to oblique loading is filled with foam, it can oppose strongly to bending and its energy

absorption capability strongly increases.

Crashworthiness indicators

The crashworthiness of an energy absorber is evaluated by multiple indicators. The purpose of an energy
absorbing structure is to have the ability to absorb as much kinetic energy as possible in a controllable
collapse pattern during a crashing event, while the peak forces level being kept under a threshold in order
for the passengers and the cargo to be protected from injuries and damage. These indicators are used for
the assessment of the aforementioned demand, and are presented below. Also, it has been shown that a
specimen with heterogenous fiber direction is characterized by better crashworthiness indicators than one

with homogenous fiber direction.

Peak load, or Peak Crash Force (PCF) is the highest value of the applied load to the energy absorber. It is

the only indicator that can be directly obtained from the load - displacement diagram.

The Average or Mean Crashing Force (MCF) is strongly related with the energy absorption capability and

is calculated as the total absorbed energy divided by the corresponding displacement.
MCF = AE
- d

Where d is the displacement of the tube. When the magnitude of the mean load is higher, the energy

absorption capability is also greater.
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The Absorbed Energy (AE) of the tube is the area under the load curve at the load - displacement diagram.
dmax
AE = f PdA
0

Where P is the crash load, 4 the displacement and dmax the maximum displacement of the tube.

Specific Energy Absorption (SEA) is the absorbed energy divided by the mass of the crashed specimen.
AE
SEA = —
m

Where m is the mass of the crashed tube. When the value of the SAE is greater, the efficiency of the energy

absorber is also greater.

Crash Force Efficiency (CFE) is the ratio of the mean load to the peak load of the tube.

The closer to unity the value of CFE is, the better the energy absorption capability is, because this means
that the mean load is close to the peak crashing force, and thus the changes in deceleration are less than
otherwise. Less changes in deceleration are related with less risk of head and neck injuries for a vehicle’s
occupants. Asaresult, a CFE value close to one is strongly desired. Furthermore, the increase of the number

of plies leads to an increase of the CFE values, when similar tubes are concerned.

On the contrary, Load Uniformity (LU) is actually the reverse CFE ratio. This means that it can be

calculated as:

_ PCF
" MCF

It is easily perceived that, in order to have better energy absorption capability, the value of the load

uniformity should be as closer to unity as possible, as explained with regard to the crash force efficiency.

In conclusion, the crashworthiness of a tube is determined by the characteristics of the material that is
constructed. In addition, when their length is long, but the number of plies is large, the tubes have greater

energy absorption capability than shorter tubes.
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Chapter Five: Experimental Procedure

The experimental procedure can be divided in two parts. The first one is the search for the value of the
tensile strength. In order to achieve this, longitudinal coupons of a tubular specimen are subjected to tensile
testing. The second part is the compression of the tubes. Seventeen specimens are tested in loading angles

between zero and twenty-two degrees.

Experimental Set Up

An Instron Universal Testing Machine 4482 is used in order to conduct the experiments. The maximum
speed of this floor standing static hydraulic testing machine with load capacity of 100 kN is 500 mm/min,
while the minimum speed is 0.001 mm/min. Its maximum force at full speed is 75 kN and its maximum
speed at full load 250 mm/min. The return speed is 600 mm/min. The position measurement accuracy is
about £0.15% of the displacement. The crosshead speed accuracy, regarding zero or constant load, is +
0.2% of set speed. The total crosshead travel is 1235 mm, the total vertical test space 1309 mm and the
space between columns 575 mm. The dimensions of this Universal Testing Machine are 1130mm (width)
X 756mm (depth) x 2092mm (height), while its weight is 862 kg. The maximum required power is 1400
VA, the operating temperature 10°C to 38°C and the humidity range 10% to 90%. The experiment’s
parameters are set up via a computer. After the start of the tension or the compression test, the load, stress
and deformation values are sent to the computer, which creates the load - deformation and the stress - strain

curves.

Cylindrical tubes are required for the experiment. These specimens came from the cutting of two woven
finish roll wrapped carbon fibre tubes, whose length was 1000 mm. The weave of the observable outer ply
is 2 x 2 twill, the matrix resin is epoxy and the fiber direction of the other plies is (0, 90). The glass transition
temperature of this material is 120 °C. The two long tubes were cut into shorter ones, specifically to
seventeen specimens of 100 mm length each. Part of the rest of the initial tubes was used for the production

of coupons suitable for the tensile strength calculation, something that will be analyzed below.
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Tensile Strength Calculation

For the calculation of the tensile strength, coupons of the material used were required. More specifically, a
smaller tube was cut from one of the two original long cylindrical ones. Its length was of about 87.185 mm.
Next, the new specimen was cut in the longitudinal direction into smaller pieces. Three coupons were made
(Figure 5.1), characterized by annular cylindrical sector geometry. Their dimensions are presented in Table
1:

Dimension Tension coupon 1 Tension coupon 2 Tension coupon 3
Height (mm) 87.22 87.15 87.19

Width (top) (mm) 9.52 9.12 4.49

Width (middle) (mm) | 9.44 9.20 4.45

Width (bottom) (mm) | 9.35 9.32 4.41

Thickness (mm) 1.37 1.40 1.385

Table 1: Dimensions of tension coupons

Figure 5.1: Tension coupons 1 and 2 before tensile test is conducted
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In order to define its tensile strength, a tension test is conducted for each coupon. The coupon is placed
between the grips of the Universal Testing Machine. The effective length of each coupon is 50 mm, which
means that the grabbed length is about 18.5 mm at both the top and the bottom of the coupon. The test speed
is 5 mm/min. All the coupons failed closely to the point of the upper grabbing, as it is shown in Figures 5.2.

11

Figure 5.2: Tension coupons 1, 2 and 3

Figures 5.3, 5.4 and 5.5 show the details of the breaking point of each coupon. The evidence of the upper
grabbing of the Universal Testing Machine is apparent at the top piece of each coupon in each case. The
grabbing creates a different and less smooth texture on the material. The breakage of the fibers is evident

in the breaking point of each coupon.

Regarding the third coupon, a thin layer of the material remained attached on the grabbed piece of the tube
despite the fact that the rest of the non-grabbed material did not. In this layer, the resin of the matrix is
apparent along with the fibers attached to it. Due to this, the interior of the material and specifically the

detachment of the matrix and the carbon fibers from the rest is evident in the longer part of the coupon.

The diagrams that are illustrated on figures 5.6, 5.7, 5.8, 5.9, 5.10 and 5.11 present the applied load
compared with the extension of each coupon, as well as the tensile stress regarding the tensile strain. The

curves of the figures have almost the same form regarding not only the load - extension curves, but also the
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tensile stress - tensile strain ones. This is a result of the fact that the value of the tensile stress depends on

the value of the load. Similarly, the value of the strain is related with the extension of each coupon.

Figure 5.3: Detail of tension coupon 1 Figure 5.4: Detail of tension coupon 2 Figure 5.5: Detail of tension coupon 3

Graph Load - Tensile Extension

14 =l

104 L

Load (kN)

o] 1 2 3 4

Extension (mm)

Figure 5.6: Load - tensile extension graph for the first coupon
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Figure 5.7: Tensile stress - tensile strain graph for the first coupon

Graph Load - Tensile Extension
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Figure 5.8: Load - tensile extension graph for the second coupon

Specimen 1 to 1
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Figure 5.9: Tensile stress - tensile strain graph for the second coupon
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Graph Load - Tensile Extension
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Figure 5.10: Load - extension graph for the third coupon

Tensile stress (MPa)

Figure 5.11: Tensile stress - tensile strain graph for the third coupon

When brittle materials are concerned, the shape of the stress - strain curve is almost a straight line, which
leads to the fracture point. The plastic region is notably smaller than the one of a ductile material. This is a
result of the fact that brittle materials are characterized by their ability to demonstrate very little elastic
deformation. Their plastic deformation is nonexistent, or, in some cases, almost nonexistent. The cracks
that are developed on a brittle material propagate rapidly. CFRPs are included in the category of the brittle

materials. Thus, the shape of the curves of the figures 5.6 - 5.11 is the expected one.

However, the straightness of each line is interrupted by a curve, a knee point, as it can be said. This appears
before the extension reaches the value of 0.5 mm. In more detail, this knee point appears when the extension
of the first and the second coupon is about 0.3 mm, and when the extension of the third coupon is about

0.45 mm. The stress - strain curve of a composite material is practically a combination of the curve of the

Specimen 1 to 1

0.02 0.03 0.04 0.05 0.06
Tensile strain (mm/mm)
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brittle fibers and the curve of the ductile matrix. In the beginning, the behavior of both components is
elastic. When the first microfractures begin to occur, the matrix curve reaches its yield point and the matrix
starts to deform plastically. This point is the knee point of a typical composite stress - strain curve. Knee
point indicates the transition from linear behavior to non - linear one. The growth of these microfractures
and the development of new ones lead to the gradual failure of the fibers. Subsequently, this leads to the
final fracture of the coupon. The stress, the strain, the load and the extension of the knee point can be
defined as initial fracture stress, initial fracture strain, initial fracture load and initial fracture extension

respectively. They are presented at Table 2:

Magnitude Tension coupon 1 Tension coupon 2 Tension coupon 3
Initial fracture load (KN) 2.0043 2.0982 1.5586

Initial fracture stress (MPa) 157.5993 168.7959 259.0758

Initial fracture extension (mm) | 0.2887 0.3111 0.4384

Table 2: Initial fracture magnitudes for tension coupons

Moreover, the point of collapse of each coupon can be easily observed. As it is expected, the collapse of
each coupon is shown as a vertical drop of the curve of both load - extension and tensile stress - tensile
strain diagrams. The final fracture load is also the maximum load applied on each specimen. In order to
calculate the ultimate tensile strength, UTS, the area of the coupon that the load is applied is required. For
this calculation is taken into account the annular sector geometry of the cross section of each specimen. The
ultimate tensile strength is calculated as the ratio of the final fracture load to the area of the cross section.

The magnitudes regarding the failure point of each coupon are presented on Table 3.

Value Tension coupon 1 Tension coupon 2 Tension coupon 3
Final fracture load (kN) 13.8214 12.721 6.5553

Final fracture extension (mm) | 3.6403 3.3782 2.9753

Area (mm?) 12.7177 12.4304 6.016

Ultimate tensile strength (MPa) | 1086.7838 1023.3774 1089.6369

Table 3: Final fracture values for tension coupons
The mean ultimate tensile strength is 1066.6 MPa.

The diagrams of the third coupon have a slightly different shape in regard with the ones of the two other
coupons. The values of various magnitudes show a remarkable deviation. More specifically, regarding the

third coupon, the values of the initial failure load as well as of the final fracture load and the final fracture
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extension are smaller than the other two. This can be attributed to the smaller area of the specimen.
However, the ultimate tensile strength does not show any notable deviation in any case, something that it

is further proved by its calculation method.

CFRP Circular Tubular Specimens Compressive Test

In order to conduct the compression tests, cylindrical tubes are required, as mentioned above. Seventeen
tubular specimens are prepared. It has been found that the ultimate tensile strength is 1066.6 MPa. The

characteristics of the specimens are presented on Table 4.

Weight
Average weight (g) 26.6
Minimum weight (g) 26
Maximum weight (g) 26.9
Dimensions
Wall thickness (mm) 1.5
Outside diameter (mm) 40
Inside diameter (mm) 37
Height (mm) 100
Inside diameter tolerance (mm) 0.3
Outside diameter tolerance (mm) 0.3

Table 4: Weight and dimensions of the CFRP circular tubes

The seventeen tubes are divided into five groups of three and one group of two specimens. The specimens
of the first group are tested under quasi - static axial loading. Each specimen of this group is placed axially
between the plates of the universal testing machine, in order to be compressed. The specimens of the other
groups are tested under quasi - static oblique loading, with each group corresponding to a different angle.
The testing angles are 3°, 7°, 12°, 17° and 22°. In order to achieve this, a special base has been constructed
(Figure 5.12). The base is constituted by two plates, a screw and a compact retaining ring. The height of
the compact retaining ring is 20 mm and it is attached on the smaller plate. The one side of the smaller plate

is attached on the larger one, having however the ability to rotate, while the antidiametric side can rise by
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rotating the screw, which drills it. The tested specimen is wedged outside of the compact retaining, and the
base with the specimen is placed between the two plates of the universal testing machine. Then, the
demanded angle is achieved by rotating the screw. As a result, the specimen is compressed under oblique
loading. In every case the length between the crashing plate of the universal testing machine and the closest
edge of the compact retaining ring is calculated, so the first does not hit the second one. The crashing plate
compresses the specimen until the value of its deformation equals the aforementioned length, in which a

margin of safety has been added. In every case the test speed is 20 mm/min.

Figure 5.12: Base for the specimens
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Chapter Six: Experimental Results & Analysis

Each one of the seventeen specimens were tested under quasi - static axial or oblique compressive loading,
while the loading angle of each specimen varied between 0° and 22°, as mentioned above. During the
compression of each specimen, the collected data formed two graphs. The first one was the compressive
load - compressive extension graph, while the second one was the compressive stress - compressive strain
graph. These graphs are presented in this chapter for one specimen per loading angle, along with the
analytical display of each specimen’s collapse and corresponding analysis of the failure. Then, an overall

analysis is demonstrated. The figures of the rest of the specimens are presented on Appendix A.

In order to be more legible, the point of the top of each specimen subjected to oblique loading that makes
first contact with the crashing plate of the UTM during the compression test is referred as left point.
Respectively, the antidiametric point that makes lastly contact with the aforementioned plate is called right

point. In the same way, the terms left and right side of a specimen are used.

0° Angle

Specimen la

Figures 6.1a - h: Stages of collapse of tube 1a
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Figure 6.2: Front view of collapsed tube 1a

Figure 6.3: Top view of collapsed tube 1a Fiqure 6.4: Bottom view of collapsed tube 1a

Graph Compressive Load - Compressive Extension
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Fig.6.1e  Fig. 6.1f
Figure 6.5: Compressive load — compressive extension graph for tube 1a.
The blue vectors present the position of each stage of collapse, according
to figure 6.1.

35

—
| —



Specimen 1to 1

120 [ [ Specimen #
r 1

Compressive stress (MPa)

201

0
0.0010203040506070809101.11213 141516 1.7
Compressive strain (mm/mm)

Figure 6.6: Compressive stress — compressive strain graph for tube 1a

Remarks on specimens under axial loading.

The tubes 1a, 1b and 1c show the same behavior regarding their collapse mode. Their mode of collapse is
Mode I, or progressive failure. This mode is characterized by the specimen’s shaping, during the collapse,
into one reminding of a mushroom (Figure 6.2). This is evident in each one of the three specimens. Due to
axial loading the collapsed specimen is symmetric (Figure 6.3). The crashing plate applies load to the
specimen, leading to the formation and the growth of the first cracks. As the plate continues to compress
the specimen and the cracks to grow, delamination occurs and as a result, along with axial splits, detached
bent lamina bundles are evident. The bent lamina bundles are also a result of the tensile stresses applied to
the bent fronds due to their radial bending. The formatting cracks are also apparent. Meanwhile, the debris
wedge has been shaped, and because of it the aforementioned lamina bundles form continuous fronds,
which spread both outwards and inwards. The gathered material on top of the crack in which the debris
wedge has been formed can be observed, due to its resemblance to a ring that separates the inwards of the
outwards fronds (Figure 6.3). The size of the fronds increases as the compression proceeds (Figures 6.1a -
h).

The outwards bent lamina bundles coil downwards, forming the characteristic mushroom shape, and
increasing the frictional resistance of the specimen. As it is expected, the radius of the coils increases as the
compression proceeds, due to the development of the bending of the lamina bundles. The plies of the lamina
bundles are exceptionally thin, resulting to small parts of the material being fully detached. As the

compression proceeds and the outwards bent lamina bundles coil further, material can be observed to detach
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completely from the specimen, due to advanced delamination and separation between the fibers and the
matrix (Figures 6.1a - h). This is also evident after the compression test is completed. Detached thin fiber
bundles can be shown to protrude from the bent bundles. The inwards lamina bundles contribute to the
formation of the debris inside the specimen, leading to its densitification. The edges of these bent lamina
bundles are evident inside the collapsed specimen (Figure 6.4). The lower part of the tube remains

unaffected as expected, because of the retaining ring.

The graphs of the three compressive load - compressive extension diagrams are almost the same (Figures
6.5, A.5and A.11). This is expected due to the fact that the specimens 1a, 1b and 1c failed following similar
behavior. It can be seen in each graph that the peak load is reached soon after the compression test has

begun. Then it falls abruptly and the curve displays serrations, until a gradual increase of the load is evident.

Analytically, when the crashing plate begins to apply load on the specimen, there is an increase on the value
of it, while the specimen follows elastic behavior and no splits have been formed, until the peak load is
reached. The peak load is 71.6 kN, 86 kN and 67.9 kN for specimens 1la, 1b and 1c respectively, and
indicates that the laminas of the material are unable to withstand the applied load anymore. This leads to
the beginning of the formation of notable cracks, and therefore of fronds, which in turn results to the start
of to the catastrophic collapse of the specimen. It is worth mentioning that when the peak load is reached,
a characteristic sharp sound, which signifies the beginning of the collapse, can be observed. The resistance
of the tube abruptly decreases and so does the applied load. In the crash zone (Detail 6.5.1), where
oscillations are evident at the curve, the load is about 23 kN. When the specimen has been notably
compressed, the applied load begins to rise (Detail 6.5.2). This is a result of the densitification of the
specimen due to the compressed debris that has been gathered inside it. The stress - strain curves follow a
similar behavior, due to the fact that stress is analogue of the applied load. The strain is about 1.62 mm/mm,

1.65 mm/mm and 1.63 mm/mm for specimens 1a, 1b and 1c respectively (Figures 6.6, A.6 and A.12).
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3° Angle

Specimen 2¢

Figure 6.7a — h: Stages of collapse of tube 2c

Figure 6.8: Front view of collapsed tube 2¢
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Figure 6.11: Bottom view
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Figure 6.12: Right view of collapsed tube 2¢
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Figure 6.14: Compressive stress — compressive strain graph for tube 2c

7° Angle

Specimen 3b

Figures 6.15 a — h: Stages of collapse of tube 3b
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Figure 6.19: Top view of collapsed tube Figure 6.20: Right view of collapsed tube 3b
3b
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Figure 6.22: Compressive stress — compressive strain graph for tube 3b

Remarks on specimens under 3 and 7 degrees oblique loading.

The 3° and 7° loaded tubes can be analyzed together, not only due to their similar characteristics, but also
because of their differences. As far as the similarities are concerned, the crashing plate of the Universal
Tensile Machine touches the left point of the tube while it is not in full contact with the tube end like in the
previous case of the axially loaded specimens (0 degrees), because of the specimen’s oblique placement
(Figures 6.7a and 6.15a). Due to the small angle, it appears that the contact occurs on a notable part of the

edge of the apex, however this is not the case. That said, the small loading angle leads rapidly to the full
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contact of the tube end with the crashing plate (Figures 6.7b and 6.15b). Cracks, fracture, and delamination
occur earlier on the left side of each specimen, leading to earlier formations of the fronds there. Not only
have the aforementioned mechanisms been developed when the full contact of the tube with the crashing
plate first takes place, but also the early stages of the coiling of the material have begun to become apparent.
This means that the debris wedge has already been formed and the splitting of the tube into the inwards and
outwards fronds has started. This indicates that the debris wedge is shaped rapidly after the compression

test begins.

In the initial stages of the collapse test (Figures 6.7a - d and 6.15a - ¢), it appears that the bending of the
laminas extends uniformly around the tube, especially for the 3° loaded specimens. However, this is not the
case in the later stages. Soon there is a noticeable difference between the left side and the right side (Figures
6.7d - h and 6.15c - h). The fronds that coil outwards are thicker (i.e., more plies constitute those fronds)
on the right side of the tube, while the left side is characterized by more inwards coiling lamina bundles.
This is more evident when the specimens were loaded in 7 degrees. It is worth mentioning that, during the
collapse stages of tube 3b, a frond formed on the left side of the tube did no coil outwards, as expected, but
it protruded out (Figures 6.7c - d). Perhaps a defect or imperfection of the material worked as a local
triggering mechanism and during the early stages of the collapse a local horizontal crack was developed.
This crack did not expand much, and due to the compressive load led to the partial local failure of a part of
the tube not at its apex, but at the area of the crack. This behavior reminds loosely Mode Il of collapse. The
aforementioned part of the tube was actually a lamina bundle, and, because of its partial collapse, did not
detach completely, but bent abruptly, in regard with the other lamina bundles whose fronds coiled outwards
as the crashing plate moved downwards. However, during the later collapse stages the aforementioned

lamina bundle detached from the collapsing specimen.

As the collapse continues to evolve, the characteristic mushrooming shape of the Mode | of collapse
becomes notably evident (Figures 6.7e - h and 6.15d - h). It is apparent that there are more fronds formed
on the right side due to the fact that there are probably more outwards coiling lamina bundles. As a result,
the mushrooming shape is more noticeable in the right side of the specimen, especially in regard to the
tubes placed on an angle of 7°. The radius of the fronds is larger during the later stages of collapse, due to

the increasing length of the coiling lamina bundles.

As mentioned above, the shape of each collapsed specimen is the characteristic mushrooming one, resulting
to the increase of the frictional resistance (Figures 6.8 and 6.16). At the early stages of the collapse, splits
began to form and grow from the apex of the tube. The formation of the larger cracks is accompanied by a
characteristic sharp sound. The louder ones correspond mainly to the first crack (which takes place on the

left side of the specimen), but also to the splits starting forming on the right side of the tube. The area
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between two cracks constitutes a lamina bundle, which subsequently splits into an outwards coiling frond
and an inwards one, due to the formation of the debris wedge. The highest point of the outwards bending
lamina fronds of the specimens after the compression test is in most cases slightly above the top of the
densified debris material located inside the collapsed specimen (Figures 6.10 and 6.18). Nonetheless, Figure
6.12 shows that the lamina bundle of the right side of the specimen has not been shaped into a downwards
coiling frond. On the contrary, it stands upwards. This is a result of the fact that oblique loading leads to an
increase of the bending of right side’s lamina bundles. Oblique loading and bending of the outwards coiling
fronds are also related with the large radius of the right side’s lamina bundles. Lamina bundles that do not
coil as expected are also present to specimens 3a and 3c, but in a smaller scale. For the same reason more
lamina bundles coil outwards, when the right side of the specimen is concerned, while the in the left side
there are more inwards bent bundles (Figures 6.8 and 6.16). As expected, the lamina bundles have visibly

almost equal thickness.

The region between the inwards and the outwards coiling lamina bundles is also presented (Figures 6.9 and
6.19). This is actually the top of the crack inside which debris wedge is formed, which splits the material
into the aforementioned bundles. The ring of material that is apparent is the material gathered inside this
crack. In addition, this region is lower than the material bent and gathered. This shows that, during the
compression test, the material inside the tube is strongly densitified, however, after the experimental
procedure and therefore the lack of contact between the specimen and the crashing plate, part of it is

decompressed upwards.

The asymmetry of the oblique loaded specimens is noticeable via the bottom view, among other indicators
(Figures 6.11 and 6.17). Inclination is evident due to the different amount of outwards formatted fronds
between the left and the right side of the specimen, as well as due to the different coiling radius. The edges

of the inwards formatted lamina bundles are also apparent.

The inwards bent lamina bundles form a more shuttered structure than the outwards coiling fronds. This
can be explained as a result of the compression of the inwards bent bundles due to space restriction and,
therefore, their densitification. Notable is also the amount of detached material and carbon dust around the
specimen, as well as the ease that a bent lamina bundle (or especially part of it) can be detached from the
collapsed tube. For example, a remarkable part of the fronds of the left side of tube 3b are subjected to
detachment during compression (Figures 6.15¢ - d). This shows the brittleness of the lamina bundles that
have been subjected to fracture, cracks, delamination and reshaping into coiling fronds due to the
compression, as well as it emphasizes the catastrophic nature of the compressive test. Through the above
observation it is actually accentuated that, despite the fact that CFRPs are characterized by advanced

mechanical properties and therefore be suitable for state - of - the - art mechanical applications, the nature
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of their basic specimen, the carbon fibers, is remarkably brittle. Partial detachment of lamina bundles during

the various stages of collapse is evident also on the right side of specimens 3a and 3c.

Furthermore, due to the way the fronds of the outwards bent lamina bundles have been separated from each
other during the compression and therefore their formation, the direction of the fibers of the unidirectional
fabrics that compose the specimen is largely evident (Figures 6.12 and 6.20). When the long edge of the
frond is characterized by detached fibers and bundles, a 90° fabric is concerned. Respectively, when the

edge of the frond is macroscopically smooth, the direction of the fibers is of 0°.

There are few notable differences between the 3° loaded specimen and the 7° loaded one. One of them is
the inclination of the collapsed specimens, determined by the formation of the outwards coiling lamina
bundles (Figures 6.8 and 6.16). The differences in number and frond radius between the left and the right
side of the tube are greater when the 7° loaded specimen is concerned. Certainly, as mentioned above, due
to the formation of the debris wedge, there are more outwards bent lamina bundles on the right side and

inwards ones on the left side regarding the 7° loaded specimens than the 3° loaded ones.

The compressive load - compressive extension graphs of the specimens subjected to 3° or 7° oblique loading
have particularly similar curves (Figures 6.13 and 6.21). Their shape is totally different from the case of
axial loading. The curves of the compressive load show that the value of it increases at the beginning. This
is the initial elastic behavior as well as the transitional stage (Details 6.13.2 and 6.21.2) between this and
the crash zone, in which the collapse has started to happen to the left side of the specimen and gradually
proceeds to start to the other parts of it, with final one the right side. More specifically, a change to the
inclination of the load - extension curve can be observed, which is closely to the beginning of the
compressive test (about 2 sec - Details 6.13.1 and 6.21.1). The curve becomes less steep and fluctuations
start to become apparent. This corresponds to the end of the elastic behavior of the left side of the specimen
and beginning of the plastic deformation of it, thus the start of the fracture, crack spreading and
consequently collapse. This is actually the first main fracture of the specimen and the beginning of its plastic
deformation. In other words, it can be interpreted as the end of the region of the elastic behavior of the tube
and the start of the transitional one, or, in the case of not taking into account the transitional zone, the start

of the crash zone of the specimen.

The crash zone region of both cases begins when the crashing plate of the universal testing machine makes
full contact with the specimen (and the collapse happens to the whole apex of it) and ends when
densitification takes place (Details 6.13.3 and 6.21.3). This region starts, or the full contact mentioned above
happens, a little later for the 7° loaded specimen. This is anticipated because in this case the vertical distance

between the crashing plate and the right side of the specimen is bigger due to the increased angle. At the
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crash zone the value of the applied load is close to a mean value, forming a plateau. In other words, from
the point of when the crashing plate made full contact with the specimen to the point of the beginning of
densitification, the curve of the load applied to the specimen has little fluctuation. However, oscillations
are evident, being associated with the necessity of a locally increased load in order a local crack to form.
The mean plateau value is about 25.5 kN for specimen 2c, while it decreases to about 22.6 KN when the
specimen 3b is concerned. The difference between these mean load values is the main contradiction between

the curves of the two oblique loading cases that are presented in this section.

On both cases, there is an abrupt increase of the load applied on the specimen during the last stages of the
compression test (Details 6.13.4 and 6.21.4). This is because the specimen, and especially the lamina
bundles and the debris material coiled and gathered inside of it, have been compressed and densitified. This
leads to the increase of the resistance of the specimen to the crashing plate and therefore the rise of the
applied load in order to continue the compression procedure. As a result, the peak load is the value of the
applied load just before the termination of the compression test. The strain is 1.88 mm/mm for both
specimens 2c and 3b (Figures 6.13, 6.21).

Generally speaking, 3° loaded specimens have remarkably similar shape and behavior in all aspects with 7°

loaded ones.
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12° Angle

Specimen 4c

Figures 6.23a - h: Stages of collapse of tube 4c

Figure 6.24: Front view of collapsed specimen 4c
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Figure 6.27: Top view of collapsed specimen 4c

Detail 6.29.2: transitional zone

22

Figure 6.28: Right view of collapsed specimen 4c
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Figure 6.29: Compressive load - compressive extension graph for tube 4c. The blue
vectors present the position of each stage of collapse, according to figure 6.29.
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Figure 6.30: Compressive stress - compressive strain graph for tube 4c

17° Angle

Specimen 5¢

Figure 6.31a — h: Stages of collapse of tube 5¢c
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Figure 6.34: Left view of collapsed specimen 5¢

Figure 6.36: Right view of collapsed specimen 5¢
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Remarks on specimens under 12 and 17 degrees oblique loading.

As in the previous section, the 12° and 17° loaded specimens are analyzed together. These two groups of
specimens bear a great number of similarities, allowing their simultaneous study. The loading angle is large,
resulting in interesting observations. As expected, not only the stages of compression and the final
specimens but also the relative graphs are characterized by a notably different behavior in relation with the
case of axial loading.
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At the beginning of the compression test, the crashing plate of the Universal Testing Machine makes contact
with the tube on the left side’s point (Figures 6.23 and 6.31). As the compression proceeds, fracture and
cracks start rapidly to form leading to delamination and bending of the lamina bundles and the beginning
of their coiling and subsequently their plastic deformation. At the same time, the plate continues its gradual
contact with the top of the specimen, until it reaches the right side and total contact is made (Figures 6.23b
and 6.31b). This generally leads to the occurrence of the aforementioned formation of cracks and coiling
lamina bundles gradually on the whole specimen. In particular, before the total contact has been made, left

side’s lamina bundles have already begun bending inwards.

Itis evident from the early stages of the collapse that the lamina bundles on the right side tend to bend more
than the ones on the left side (Figures 6.23 and 6.31). Actually, on the left side bending is hardly apparent.
When the 17° loaded specimen is concerned and during the early stages of collapse, there are not outwards
bent lamina bundles on its left side. Coiling is not so observable on the right side, as it appears only bending
to be present. As the compression test proceeds, all outwards bent lamina bundles appear to have an
orientation towards right side. The crashing plate presses the outwards bent lamina bundles not only
downwards, but also rightwards, due to the large loading angle. The large loading angle results also to the
almost non - existent coiling on the right side. The slight coiling of the lamina bundles becomes apparent
during the later stages of failure. Regarding the 12° loaded specimen, even before the finishing of the
experimental procedure, two great splits are evident, separating the bent lamina bundles close to the right
side from the ones close to the center either on the front or the back side (according to the front view of the

specimen) of the specimen.

During compression, the characteristic sharp sound of the fracture of the material can be heard. A louder
than average sound is audible shortly after the contact of the plate and the specimen. This means that this
sound correlates with the formation of the first major crack. Fracture sounds continue to be audible, with
some louder than average, too, which are related to other major cracks. When the bending of laminas
corresponding to the whole apex has begun, the sounds became slightly less loud. Regarding specimen 5c,
some more observations have been made. The initial loud sharp sound was audible very shortly after the
beginning of the compression, indicating that the collapse started earlier than in other cases. This is a result
of the 17° angle loading, because it is related with a smaller area of contact between the plate and the tube
at the beginning of the experimental procedure, leading to an earlier formation of cracks compared to when

specimens of a smaller angle are concerned.

An initial macroscopic study of each collapsed specimen shows that outwards bent lamina bundles are non
- existent on the left side, while the right side is characterized by wide fronds that mostly stand up upwards,

illustrating the intense, and often total, delamination (Figures 6.24 and 6.32). The upwards orientation is a
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result of the inclination the specimen’s placement; for this reason, there is a noteworthy difference between
the highest point of the collapsed left and right side of the specimens (Figures 6.24 and 6.32). This is
opposite to the inwards bent bundles, which have been compressed and become debris. The axial splits
developed on outwards bent fronds are evident, leading to delamination and bending (Figures 6.26, 6.28,
6.34 and 6.36). Between the lamina bundles of the two aforementioned sides, the outwards bent lamina
bundles coil into downwards fronds. The lamina bundles of the left side mostly bend inwards and the ones
of the right side mostly bend outwards, while coiling on both cases is hardly present. It can be assumed
that, due to the large loading angle, the debris wedge is not formed in the middle of the wall thickness of
the specimen, but closely to the outer or the inner side. The large loading angle results also to the intense
bending of the right side. Possibly, especially when 17° loaded specimens are concerned, the debris wedge
is even absent. This happens, among other cases, at some left side’s inwards bent lamina bundles, that have
not totally become debris inside the collapsed tube, and which are evident due to their glossy twill texture.
An example is apparent on specimen 4c, while several ones on 5c (Figures 6.26 and 6.34). When these
lamina bundles are concerned, the debris wedge is non - existent. The 17° loading angle results also to a
notably gradual and smooth transition of the bending from the left side” inwards to the right side’s outwards
lamina bundles. In this case, actually, bending is intense. Both specimens’ collapse can be described as

bending collapse.

Regarding specimen 4c, as mentioned above, two main splits are evident (Figure 6.27). These large cracks,
and another two that can be assumed, separate the lamina bundles into four large groups. The first group is
the lamina bundles corresponding to the right side of the tube. The second and third group are related to the
front and back sides. A great number of these lamina bundles of the aforementioned three groups are
particularly wide, so they can be referred as fronds. Especially regarding the outside fabric layer of the tube,
it appears that the material split into three pieces. A possible explanation is that, during the early stages of
collapse, four cracks have been formed. These splits were characterized by great stress concentration,
leading to their notable development and not allowing other cracks of comparable size to grow. Such an
evident separation of the bundles due to splits is not apparent on specimen 5c¢ (Figure 6.35). The fourth
group, corresponding to the left side, is consisted of the inwards bent lamina bundles. The two
aforementioned hypothetical splits have been assumed due to the fact that there is not a transitional area of
lamina bundles between the totally inwards bending ones and the ones that are characterized by an outwards
coiling behavior. These two splits may be present on specimen 5c too. Chapter eight provides a further
insight on that matter. Regarding specimen 5c, some wide fronds along with significantly thinner bundles

can be observed. This indicates that relatively notable splits have been formed, along with smaller ones.
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The outwards bent fronds provide information about the direction of the fibers of each specimen’s ply
(Figures 6.28 and 6.36). When the sides of these fronds are smooth, the unidirectional fibers are vertical
(0°). On the contrary, when small fibers protrude from the sides, the direction of the fibers is horizontal
(90°). From this observation, and according the corresponding one regarding the specimens of 3° and 7°, it
is found that only the outside ply is characterized by a twill woven fabrication. The others are unidirectional,
of either 0° or 90° direction. This observation is strengthened by the delaminated material fronds. The
delamination is, mostly in the right side, so intense in some fronds, that they have been completely separated

one from the other.

Due to the absence of fronds in a notable part of the specimen, it can be clear that the bottom of the tube,
which was wedged inside the retaining ring, remains visibly unaffected by the compression. After the
compression test has been finished and the densitification of the material inside the specimen has taken
place (Figures 6.25 and 6.33), the compressed debris slightly decompresses upwards (Figures 6.26 and
6.34). The detached material and debris that can be observed around the collapsed specimens indicate the
brittleness of the material after the collapse. The typical mushrooming shape that characterizes specimens
collapsing via mode | is not observable due to the great angle, although coiling exists (Figures 6.24 and
6.32).

The compressive load - compressive extension graphs of the 12° loaded specimens bear many similarities
with the 17° loaded ones (Figures 6.29 and 6.37). As mentioned on the previous set of specimens, the curves
are characterized by a sharp increase of load, following by a plateau until densitification takes place. The
first stages of collapse correspond to a relatively steep behavior of the curve, with only a few oscillations
evident. The area below this part of the curve is actually constituted by two sub regions. The first one is
correlated with the initial elastic behavior of the specimen, which takes place until the beginning of the
formation of cracks (Details 6.29.1 and 6.37.1). The end of this zone is apparent due to an alteration in the
inclination of the curve; it becomes less steep and variants are evident. The second subregion, the
transitional one related with the beginning of plastic deformation, corresponds to the gradual contact of the
plate and the specimen and subsequently the crack formation across the latter’s apex (Details 6.29.2 and
6.37.2). In other words, at this region the left side of the specimen has begun to collapse and as a result

being subjected to plastic deformation, while the right side is still characterized by elastic behavior.

The crash zone begins right after the transitional one (Details 6.29.3 and 6.37.3). It corresponds to the stage
of the specimen’s collapse that starts with the crack formation on the right side and ends with the beginning
of densitification. The curve of this region is a plateau characterized by oscillations. The oscillations are
related with the briefly increased load needed in order the compression to evolve. In other words, during

the compressive procedure the heterogeneity of the material and its various imperfections, the friction, and
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possible already formed fractures as well as their concentration affect the required load magnitude. The
final sharp increase of the load corresponds to densitification (Details 6.29.4 and 6.37.4). Nevertheless, in
both specimens densitification is marginally present due to the fact that the experimental procedure finished
before it could evolve. For this reason, the peak load appears to be part of the plateau of the graphs.

The main differences between the 12° loaded specimens and the 17° loaded ones are that in the second case
the coiling is absent in more lamina bundles, while there are more solely inwards and outwards bent fronds.
Moreover, tubes in the group 5 are characterized by lamina bundles related with a right bending orientation.
As expected, the magnitude of both peak and mean applied load is higher regarding 12° loaded specimen.
In particular, specimen 4¢’s peak value is 21.89 kN, while tube 5¢’s is 17.865 kN. For this reason, the
second case is expected to be characterized by lower energy absorption capability. The strain is 1.75

mm/mm for both specimens 4c and 5c (Figures 6.30, 6.21).

22° Angle

Specimen 6b

Figures 6.39a — h: Stages of collapse of specimen 6b
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Figure 6.40: Front view of collapsed specimen 6b

Figure 6.42: Left view of collapsed specimen 6b

Figure 6.43: Top view of collapsed specimen 6b Figure 6.44: Right view of collapsed specimen 6b
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Figure 6.45: Compressive load - compressive extension graph for tube 6b
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Figure 6.46: Compressive stress - compressive strain graph for tube 6b

Remarks on specimens under 22 degrees oblique loading.

The largest loading angle of the specimens is 22°. As expected, the collapsing procedure, the relative graphs
and mostly the resulted specimens bear many interesting remarks, while it is the case that bears the
minimum similarities with axial loading. From the loading angle it can be expected that bending would be
of significant intensity, something that is proved from the very early stages of collapse, even before
outwards bent lamina bundles become slightly apparent (Figures 6.39a and b). The beginning of bending
and coiling of front side’s fronds is evident before the crashing plate contacts the right side of the specimen.

Coiling is not apparent on the left side, leading to the conclusion that lamina bundles bent only inwards.
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Soon, right side is characterized by bent lamina bundles, while the fronds that correspond to the front side
appear to have an orientation to the right side (Figures 6.39c - f). However, as the collapse progress, the
latter observation is less evident due to the fact that the further formation and development of the coiling
fronds resulted to a downwards orientation of them (Figures 6.39g and h). After the compressive loading
and the retraction of the crashing plate, the bent lamina bundles decompress and an upwards orientation is

evident (Figure 6.40). This upwards orientation is a result of the large loading angle.

The characteristic sound of the fracture’s growth is evident. The maximum concertation of sounds is during
the beginning of the bending of left side’s lamina bundles, because it is associated with an increase of crack
formation. The sharp sounds are apparent during the first contact of the plate and the various points of the
specimen’s apex due to the initial crack formation in the relative area. The sound’s loudness increases when
the plate reaches the right side. This is related with an increase of the applied load needed for the crack
formation and therefore the complete plastic deformation of the tube’s apex. After all, the split
corresponding on the right side is the biggest one regarding specimen 6b (Figure 6.44). During the following
stages of collapse, the characteristic sound is notably less evident, because the main splits have already

been formed and only smaller cracks begin to grow.

The specimen’s collapse is strongly affected by the loading angle, and can be described as bending collapse.
Its failure has some characteristics of mode | of collapse, or progressive folding. Continuous fronds are
evident, delamination and axial splitting growth are apparent, the lamina bundles bend, while a number of
them also coil outwards (Figure 42). As expected, due to the loading angle, the characteristic mushrooming

shape of the mode is not apparent.

A greatly interesting observation is the fact that the collapsed specimen is partially see - through, as it can
be clearly seen from the bottom view (Figure 6.41). This is strongly related with the limited debris that is
accumulated inside the collapsed specimen. After the start of the collapse of the left side’s lamina bundles,
the crashing plate continues to press and bend them. As a result of it and of the large loading angle, the bent
lamina bundles remain parallel to the crashing plate instead of being compressed inside the specimen. As
the compression proceeds, the bent fronds continue to make full contact with the plate, leading to further
parallel (to the crashing plate) bending of the rest of the material and the absence of coiling (coiling is
marginable regarding this specimen). Meanwhile, the plate starts contacting the rest of the apex, until it
reaches the right side. This side’ lamina bundles have the same bending behavior as the left side’s ones
(Figure 6.43). Because of the intense bending parallelly to crashing plate, inwards bending is mostly absent.
Due to the general absence of inwards bending, the debris inside the specimen is limited, leading the tube
being partially see - through. The lamina bundles of this specimen do not bend much due to the large loading

angle, as it can be observed from the angle of left side’s lamina bundles and the uncompressed specimen’s
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outer side. The twill fabrication of the outside layer of the left side’s bent lamina bundles is noteworthy
apparent. Because of the fact that the lamina bundles bend towards the right side, it is evident that the

formation of a debris wedge is almost completely absent.

As mentioned above, a small number of fronds coil outwards, all of them being part of the front or the back
side (Figure 6.42). The coiling formation is evident during the later stages of collapse. This can be explained
as following: bending parallelly to the crashing plate is the failure mechanism of every part and therefore
related lamina bundle of the momentary apex, including the extreme points of front and back sides.
However, regarding these two sides and due to the extremity of the related points, the growing bent lamina
bundles have not support on the outer of their sides. The absence of support leads to moving downwards as
they increase in size, and therefore mass. Subsequently, the load they are subjected to leads to their coiling.
Because of the fact that only a few lamina bundles are unsupported, the coiling fronds are also hardly any,
while they are constituted by a few material plies. The transition to downwards orientation is smooth.
Detachment of material is evident because of the related fractures during aforementioned transition. The
formation of coils is the only case in this specimen that debris wedge may be present. The formation of the
coiling lamina bundles during the later stages of collapse lead to the conclusion that the debris wedge may

have been formed also during those stages.

Six major splits can be assumed, one between the two main fronds of the left side, two at each side of the
two coiling fronds, and one between the two main fronds of the right side (Figures 6.42 and 6.44). The
formation of these splits is related with increased stress concentration in the related areas, while they, along
with smaller interwall cracks, contribute to delamination. It appears that the outside twill layer forms wider
fronds than many internal layers. This may be a result of the enhanced properties of the woven fabric,
making small fractures more difficult to form. Many protruded fibers are also evident. It is also worth
mentioning that some internal lamina bundles have crumbled (Figure 6.43). This happens because of the
compression and the developed friction between the specimen’s inner side’s lamina bundles of mainly both
the left and the right side while they are subjected to bending parallelly to the crashing plate, as the

compressive procedure continues.

As in previous cases, the smooth sides of a frond’s ply show that this ply is consisted of unidirectional
fibers of 0°. Respectively, the sides with protruded fibers characterize material plies of unidirectional fibers

of 90°. The extended delamination contributes to this observation.

The compressive load - compressive extension graph could be characterized by three zones (Figure 6.45).
The first one is the region of total elastic behavior and the transitional one between the former and the zone

of total plastic deformation. Before fracture starts, the specimen is characterized by elastic behavior whose
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region ends when the curve’s inclination changes; it becomes less steep, while fluctuations are evident
(Detail 6.45.1). This inclination change indicates the beginning of crack formation and its development,
which takes place on the left side. The transitional region is the zone that corresponds to the gradual initial
contact of the crashing plate with the various points of the specimen’s apex (Detail 6.45.2). This means that
while there are points on the left side that have begun deforming plastically, their respective ones on the
right side are still characterized by an elastic behavior. Due to the fact that the area of contact between the
plate and the specimen increases, the necessary compressive load, and thus the corresponding curve, climb
up too. This region ends with a relatively high load value, which is related with the total contact of the plate
and the tube, as well as the formation of the last and probably the most major one of the largest splits of the

specimen, as it can be seen by figure 6.44.

When the plate makes full contact with the specimen’s apex, and the graph is characterized by a peak load,
the crash zone begins (Detail 6.45.3). In this case the curve has a decreasing trend, then a plateau, then
again a decline and after reaching the zone’s minimum value, it climbs more abruptly. Local peak load
values correspond to the formation of local cracks at the specimen. The initial decreasing trend is related
with the fact that the formation of all the main splits and the beginning of plastic deformation of the whole
specimen have happened and correspond to the peak load, so less load is needed for the continuation of the
collapse. The collapse continues, with bending of the lamina bundles expanding steadily and being
illustrated as the curve’s plateau. The following decline follows the rapid increase of the main splits. Then,
the following rise of the curve is related with the increased load which is necessary probably due to the fact
that the bent material has been gathered on top of the tube and under the crashing plate (Detail 6.45.4). Due
to the 22° loading angle, the highest load value is 13.5 kN. The strain is 1.7 mm/mm (Figure 6.46).

Overall Remarks

As the loading angle increases, the majority of differences between the 0° and 22° loading cases happen
transitionally. These changes regard not only the stages of collapse and the resulted specimens, but also the
corresponding graphs. The axial loaded specimens are characterized by the typical progressive collapse’s
mushrooming shape. The 3° or 7° loaded specimens have a mushrooming shape also, indicating a
progressive collapse, but with less uniformity due to the oblique loading. Bending collapse is exceptionally
evident regarding 12° or more loaded specimens, leading to little or even no resemblance to the

mushrooming shape.
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The increase of the loading angle leads to the movement of the debris wedge. In particular, when the
specimen is subjected to axial loading, the debris wedge is formed in the middle of the specimen’s wall
thickness, leading to an (almost) equal number of inwards and outwards coiling fronds and a symmetrically
collapsed specimen. As the loading angle increases, the formation of the debris wedge tends to move closer
to the first loaded side, in this case the left one. This results to the creation of more inwards bent lamina
bundles at the left side and more outwards bent fronds at the right side. Thus, there are more coiling fronds
created at the right side and less at the left side, as the loading angle increases. Regarding 12° or more, the
debris wedge is partially or totally absent, resulting to a major decrease or even absence of coiling fronds
and the existence of solely bent ones.

As the loading angle increases, left side’s fronds’ coiling becomes less evident (Figure 6.47). At 0° coiling
is equally apparent around the apex of the specimen, while regarding 3° and 7° the difference between the
left and the right side is slight. At 12° or more left side’s coiling is negligible or even non - existent. The
increasing of the angle leads to the lamina bundles’ increasing of bending and therefore the debris wedge
becoming, initially partially and then totally, absent. Right side’s fronds’ shape changes as the loading angle
increases. Specifically, they tend to coil less, bend more and form wider outwards fronds with more plies
of material. The wider fronds are a result of the formation of fewer but bigger splits, and become apparent
when a loading angle of 12° or more is concerned. Because of the absence of debris wedge, right side’s

lamina bundles bend only outwards, regarding the loading angle of 17° or 22°.
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Figure 6.47: All the compressed tubes. Each row
corresponds to a different angle. From top to bottom: 0°,
30, 7°,12°, 17° and 22°.
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The aforementioned remarks summarize the significant differences between the equal to or less than 7°

loaded specimens and the equal to or more than 12° loaded specimens.

The diagram illustrates the different load - extension curves, in relation with the loading angle (Figure 6.48).
The curve corresponding to the axial loading is the only one that reaches abruptly the peak load. This
happens because the crashing plate touches the whole top of the tube simultaneously, resulting to an abrupt
and simultaneous need for an increased load in order the intrawall cracks to be formed and start expanding
and the plastic deformation to begin. Without taking into account densitification, the peak load of the axially
loaded specimen is more than double than the peak load of every oblique loaded specimen. The
simultaneous exertion of load by the crash plate in the whole apex of the tube in the case of axial loading

results also to the frictional resistance of the specimen being significantly more than in the cases of oblique

loading.
Compressive load - compressive extension graph regarding the
loading angle
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Figure 6.48: Compressive load - compressive extension graph regarding the loading angle

The end of the region of the elastic behavior of each specimen takes place at the same stage of compression.
This happens because the necessary cracks for the plastic deformation are formed to the whole or a part of
the circumference of the specimen at the very early stages of compression, no matter if the specimen is
subjected to intense oblique loading or not. Oblique loading actually affects only the area of the specimen
that the cracks are formed and thus the necessary load is applied. For this reason, the related load value is

different per loading case, whereas, regarding axial loading, it coincides with the peak load. The increase
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of the loading angle leads to an increase of the distance between the crashing plate and the right side of
each specimen. As a result, it is also related with a more extensive transitional zone, characterized by a

smoother rise of the curve.

The crash zone’s mean load appears to be almost equal regarding the axially loaded specimen and the 3°
loaded specimen, while the 7° loaded specimen’s mean load value is marginally smaller. The oscillations
of all curves appear to have a similar concertation, indicating that the number of cracks forming in each
case of loading is similar. Their load range, however, seems to decline as the angle increases, meaning that
cracks are forming with less load rising. This is a result of the fact that the specimens subjected to a larger
angle loading are not characterized by the formation of debris wedge and outwards coiling fronds (and thus
mushrooming shaping) that increase the frictional resistance, which increase the necessary applied load
needed for their plastic deformation, and thus the absorbed energy. Additionally, as the loading angle
increases, due to the smaller area beneath the curve of each specimen, it is expected that the absorbed energy
is also smaller. Consequently, the energy absorbing capability of an oblique loaded specimen is less than
an axially loaded one, while it is notably reduced when a 12° loading angle or more is concerned. The
compressive extension of each case is different because it is depended on the distance of the crashing plate

and the retaining ring, while a safety margin is taken into account.

It can be concluded by the collapsing procedure and the shaping of the collapsed specimens but most of all
the compressive load - compressive extension graph that oblique loading results in a decrease of the energy

absorption capability of a specimen, especially when large loading angles are concerned.
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Chapter Seven: Crashworthiness Indicators

Crashworthiness indicators are important for the evaluation of the effectiveness of an energy absorber.
During a collision, an energy absorber must absorb as much kinetic energy as possible in a controllable
failure pattern, while the peak force’s level must be kept under a threshold in order for the passengers and
the cargo to be protected from injuries and damage. Crashworthiness indicators are used for the assessment

of the aforementioned demands.

The following table presents the crashworthiness indicators corresponding to each one of the seventeen
specimens that have been tested (). These indicators include the peak crash force (PCF), the absorbed energy
(AE), the mean crash force (MCF), the specific energy absorption (SEA), the crash force efficiency (CFE)
and the load uniformity (LU). The aforementioned indicators, except the PCF which was conducted directly
from the compressive load - compressive extension graph, have been calculated according to the related
section of chapter four. The related MATLAB script that was used for the calculations is presented in
Appendix B1.

Before the beginning of the compression test, each specimen is placed on a high accuracy weight scale. The
mass of each specimen is necessary for the calculation of SEA. It is found that the weight of each specimen

ranges between 26.0 gr and 26.9 gr. The average weight is 26.6 gr.

Among the essential data for the operation of the UTM is the length of the crashing plate’s movement. This
length is (almost) similar with the maximum displacement of each tested specimen. In order to determine
the aforementioned length, the distance between the crashing plate and the retaining ring is calculated, while
a safety margin is taken into account. Regarding axial loading, the safety margin was larger compared with
the cases of oblique loading. As the loading angle of a group of specimens increased, the distance between
the crashing plate and the retaining ring decreased. For this reason and regarding oblique loading, the length
of the movement of the crashing plate, and thus the maximum displacement, decreased every two groups

of specimens. It can be easily observed that oblique loading decrease the crushing length of a tube.

Density is the fraction of specimen’s mass to its volume. Through density the collapsed mass of the

specimen is calculated.
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Peak Crashing Force

Peak crashing force’s value ranges from 86.009 kN (specimen 1b) to 13.374 kN (specimen 6a) (). It is an
important indicator regarding axial loading, because it must be greater than the plastic deformation load, so
that the tube does not behave elastically, and thus absorbs significantly less energy. It is related with the
development of the initial cracks and thus the beginning of plastic deformation. Meanwhile, it must be kept
under a threshold. Regarding oblique loaded specimens, plastic deformation does not happen
simultaneously at every part of the specimen. Thus, the load needed for the development of the initial
interwall cracks is applied gradually until the start of the crash zone. PCF of oblique loaded specimens is
either the load applied the moment that the last part of the specimen deforms plastically for the first time,
or a fluctuation value around the MCF of the crash zone, or the last load value found in densitification zone
of the curve (if existed). It is worth noting that PCF’s value of oblique loaded specimens is close to MCF’s
value, especially when densitification zone is absent. For the reasons mentioned above, in cases of oblique
loading PCF is a significantly less important indicator than in cases of axial loading. Apart from affecting

MCEF, PCF is not important for the energy absorption capability of a specimen.

Figure 7.1 presents the PCF applied on each specimen, as well as the mean PCF of each group of specimens
regarding their loading angle. The PCF shows a great percent relative range regarding axial loading
(23.576%) (Table 6). On the contrary, the percent relative range regarding oblique loading varies from
0.980% (22° angle) to 11.882% (12° angle). There is a significantly bigger range of PCF values regarding
axial loading. This is a result of the fact that, in axial loading, PCF is applied instantaneously and its value
depends on how much is needed so that the initial cracks are formed instantly and the specimen is starting
deforming plastically. The formation of the initial cracks depends strongly on the properties of the
material’s fibers and resin. On the contrary, regarding oblique loading, the initial interlaminar cracks are
formed gradually, meaning not only that less load is needed, but also that when the crashing plate makes
full contact with the specimen’s top, the vast majority of the initial cracks have already been formed. For
this reason, there is not such a high value of PCF, resulting PCF of oblique loading cases to be far smaller
than of axially loading ones. As mentioned above, PCF’s value is close to MCF’s one, meaning that, due
to the fact that regarding each loading case the values of MCF for each specimen are close, PCF values are
also close with one another. It must also be taken into account that in a number of cases the PCF is applied
during densitification. In this case, the importance of this indicator is decreased. There are two major
declines regarding the mean PCF, as the angle increases. The first one is between the specimens of 0° and
of 3° and it is related to the fact that the first case is axial loading and the second oblique, as analyzed

above. The second decline is between the 7° loaded specimens and the 12° loaded ones. From Figure 6.48
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it can be observed that the vast majority of the crash zone load values of the latter specimens is significantly
less than of the former ones, including the value of PCF. This happens because, as analyzed previously, the
larger angle results to more bending and by far less coiling (and mushrooming) of the lamina bundles, as
well as the gradual absence of the debris wedge. The partial, let alone total absence of these two decreases
the resistance that affects the load applied by the crashing plate.

Peak Crushing Force
100000
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mm PCF Mean value of PCF

Figure 7.1: Graph of the PCF of each case

Angle (deg) 0 3 7 12 17 22
Percent relative range | 23.576 % | 10.122% | 9.394% 11.882% | 11.073% | 0.980%

Table 6: Percentage relative range for each group of specimens regarding PCF
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Absorbed Energy

The AE ranges from 1872.972 J (specimen 2c) to 639.937 J (specimen 6a) (). A higher value of the AE
indicator is related with more dissipated energy, leading to fewer passengers’ injuries and less damage of
the cargo. Resistance mechanisms, such as friction from the contact of the crashing plate with the apex of
the collapsing specimen and the coiling fronds, development and movement of the debris wedge, as well
as delamination and microfragmentation, contribute to the increase of the energy that is absorbed. These
mechanisms are also related with the applied load. Moreover, when a tube is longer, more crushing length
is available to dissipate energy. The AE of 3° specimens is more than of 0° ones (Figure 7.2). This is a
consequence of the fact that AE is calculated as the integral of the crash load regarding displacement. As
far as the loading cases of 0°, 3° and 7° are concerned, the values of the crash zone’s load are close to one
another, but the maximum displacement of the axially loaded specimens is about 10 mm less than regarding
the other two angle cases (Figure 6.48). Taking into account the decline rate of the curve of the mean value
of AE, and provided that the displacement is the same on both 0° and 3° cases, it is expected that the AE of
axially loaded specimens is more than of oblique loaded ones, when the displacement is equal. A reason
for this is that, even if the crash zone’s mean load is almost the same on both cases, an axially loaded
specimen’s crash zone, and thus plastic deformation and the mechanisms that contribute to the increase of
the AE, begins a lot earlier than an oblique loaded specimen’s crash zone, resulting to a greater load

application to the entire tube.

The increase of a specimen’s loading angle is related with a decrease of the forming of coiling fronds (which
are replaced by bent fronds) and the partial or even total absence of the debris wedge. In addition, the
available displacement length is reduced. For these reasons, there is a notable decline of AE’s mean value
between the loading cases of 7° and 12°. As it is indicated by Figure 7.2, it can be concluded that oblique
loading (especially regarding large angles) affects the energy absorption capability of a tube, and reduces

its potential effectiveness.

The percent relative range is from 4.057% (22° loading angle) to 14.448% (17° loading angle) (Table 7).
This uniformity is a result of the fact that the aforementioned mechanisms that affect the AE are relatively

constant regarding the group of specimens of each angle.
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Figure 7.2: Graph of the AE of each case

Mean value of AE

22

Angle (deg)

0

3

7

12

17

22

Percent relative range

5.879%

6.144 %

5.350%

9.858%

14.448%

4.057%

Table 7: Percentage relative range for each group of specimens regarding AE

Mean Crashing Force

The MCF ranges from 27.359 kN (specimen 1c) to 9.507 kN (specimen 6a) (). A higher MCF is related
with greater energy absorption capability. The curve of the mean value of MCF per loading angle suffers a
decline (Figure 7.3). Nonetheless, the MCF values of continuous loading angle cases are close. It can be
attributed to the fact that the shaping of the collapsing tube, and by this meaning the outwards coiling fronds
and the formation and movement of the debris wedge, which are the main mechanisms that contribute to
the resistance applied on the crashing plate, lead to an increase of the MCF and thus the absorbed energy.
As the angle increases, bending is more present than coiling and debris wedge gradually becomes absent,

thus the value of the essential applied load is reduced. When axial loading is concerned, MCF is not affected

by PCF, due to the fact that it is applied instantaneously.
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The percent relative range is from 3.827% (22° loading angle) to 14.121% (17° loading angle) (Table 8).
This uniformity can be attributed to the fact that the range of the development of the mechanisms mentioned

above, which affect the value of MCF, are relatively constant regarding the group of specimens of each
loading angle.

Mean Crushing Force
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Figure 7.3: Graph of the MCF of each case
Angle (deg) 0 3 7 12 17 22

Percent relative range | 6.267 % 6.309% 5.167% 10.015% | 14.121% | 3.827%

Table 8: Percentage relative range for each group of specimens regarding MCF
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Specific Energy Absorption

SEA ranges from 100.941 J/g (specimen 1c) to 35.358 J/g (specimen 6a) (Table 5). SEA, along with CFE,
is the most important crashworthiness indicator. SEA is calculated as the fraction of AE to the mass of the
collapsed part of each specimen. The collapsed mass is calculated by multiplying the density of each
specimen with the initial volume of the part of the specimen that has been collapsed. As a result, SEA does
not depend on the maximum displacement of a specimen, making comparisons among specimens
characterized by different maximum displacement, and thus understanding the effectiveness of each one,
possible. For this reason, 3° loaded specimens have lower SEA than axially loaded ones, despite their higher
AE (Figure 7.4). A greater value of SEA indicates a greater efficiency of a specimen, due to the fact that

more energy is absorbed per unit mass.

The percentage relative range ranges from 3.902 % (22° loaded specimens) to 13.013 % (17° loaded
specimens) (Table 9). Not only the percentage relative range is small for each angle group, but the numbers
are close to the ones regarding AE indicator, because of the strong relation between SEA and AE. Another
factor that contributes to the aforementioned remark is that, regarding each group of same angle loaded

specimens, the collapsed mass has a similar value.

It can be observed that, as the loading angle increases, SEA decreases. For instance, SEA of 17° loaded
specimens is about the half of axially loaded ones. The curve’s inclination of SEA’s mean value slightly
increases as the angle increases too. This is particularly evident between the cases of 7° loaded specimens
and 12° ones. The angle’s increase is related with a decrease in the coiling fronds’ and debris wedge’s
formation, resulting in less energy being absorbed. 12° loaded specimens are the ones that the
aforementioned resistance mechanisms start to be absent in a significant scale, leading to a notable decrease
of SEA. On the other hand, 3° loaded specimens are characterized by a slight decrease in the formation of

resistance mechanisms in relation with axially loaded specimens. Therefore, SEA decreases slightly.

Overall, oblique loading, especially when large angles are concerned, affects seriously the efficiency of an

energy absorber.
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Figure 7.4: Graph of the SEA of each case

Angle (deg)

Mean value of SEA

Angle (deg)

0

3

7
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Percent relative range

5.982 %

5.395 %

4.662 %

6.822 %

13.013 %

3.902 %

Table 9: Percentage relative range for each group of specimens regarding SEA

Crash Force Efficiency and Load Uniformity

CFE values range from 0.301 (specimen 1b) to 0.821 (specimen 4a) (Table 5). CFE is the fraction of PCF
to MCF. A close value of the CFE indicator to unity means that the MCF is close to PCF. This is related

with less changes in deceleration than otherwise, and thus less risk of head and neck injuries during a

collision. CFE is one of the two most significant indicators.

Axially loaded specimens are characterized by the lowest values of CFE (Figure 7.5). This is a result of the
fact that their PCF is notably higher than their MCF, as it is analyzed above. The mean value of CFE of 3°
loaded specimens and 7° loaded ones are remarkably close. In this contributes the fact that the PCF of the
related specimens of both angle cases is found during densitification, thus it is increased and CFE is

affected. In addition, the MCF of all the related specimens is relatively close. The absorbing energy
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mechanisms that characterize these angle cases are similar, as analyzed in previous paragraphs, meaning
that the behavior, as well as the deceleration that will affect the occupants and the cargo of a vehicle, of the
tubes is expected to bear similarities, too. 12° and 17° loaded specimens are characterized by the higher
values of CFE, while they have notably close mean CFE. Their high values are a result of the proximity of
each specimen’s PCF and MCF, and they indicate their high efficiency as energy absorbers, regarding
deceleration. The graduality of the transition from total elastic behavior to total plastic deformation
contribute in the latter. The 12° and 17° loaded specimens are characterized by similar behavior regarding
their energy absorbing mechanisms, thus it is expected that their behavior during a collision, including
deceleration, would bear also similarities. 22° loaded specimens’ CFE is lower than the cases of the previous
two angle groups, because there is a greater range between PCF and MCF. PCF is applied when total contact
between the crashing plate and the specimen is made (or during densitification). Due to the mechanisms
that contribute to the energy absorption capability of these specimens, but most importantly the absence of
other resistance mechanisms (coiling fronds, debris wedge), after total contact between the crashing plate
and the specimen is made, the load decreases and the curve is characterized by notable fluctuations,

decreasing the value of MCF.

The percentage relative range is from 2.848 % (22° loaded specimens) to 29.081 % (axially loaded
specimens) (Table 10). At each angle group, the specimens have close values of MCF with each other.
Relatively close values of PCF can be observed in each angle group of oblique loaded specimens.
Nonetheless, the PCF of the three axially loaded specimens varies notably, as it was explained on the
previous paragraphs. As a result, the percentage relative range of axially loaded specimens is much more

than of oblique loaded ones.

It can be therefore concluded that, CFE is higher when obligue loading is concerned, due to the proximity
of the PCF and the MCF. Thus, there are less changes in deceleration during an oblique, meaning that there
is less chance of passengers’ injury and cargo damage, something especially noteworthy when 12° and 17°
specimens are concerned, whose CFE is about 0.8. This is further supported by the fact that axial loading

is less gradual than obligue loading, as it is proved by the absence of transitional region.

LU ranges from 1.218 (specimen 4a) to 3.325 (specimen 1b). Due to the fact that LU is the inverse fraction
of CFE, the same remarks apply for both of them.
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Figure 7.5: Graph of the CFE of each case
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29.081 %

10.583 %

4.552 %

6.967 %

4.272 %

2.848 %

Table 10: Percentage relative range for each group of specimens regarding CFE

Overall remarks

The increase of the loading angle results to the decrease of the majority of crashworthiness indicators,
namely PCF, MCF and SEA. SEA’s decrease indicates that the energy absorption capability of a tube

becomes less as the angle increases, and thus it is less when, during a collision, the crush tube is subjected

to oblique rather than axial loading.

The resistance mechanisms, namely the friction from the contact of the crashing plate with the apex of the
collapsing specimen and the coiling fronds, the development and movement of the debris wedge, as well
as delamination and microfragmentation, affect the applied load and the absorbed energy. Coiling fronds

and debris wedge become gradually absent as the loading angle increases, leading to a decrease of energy

absorption capability. This means that the smaller the loading angle, the more energy is absorbed.
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The transitional region between total elastic behavior and the beginning of plastic deformation at the right
side of the specimen that characterizes obligue loading affects the crashworthiness of an energy absorber.
PCF’s value is far lower than in the case of axial loading, while CFE’s value is far higher. The latter is
related with less deceleration and thus smaller possibility of passengers’ injuring and cargo damaging. In
particular, the highest values of CFE were found when 12° and 17° loading are concerned.
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Chapter Eight: Stereoscopic Analysis

In order to achieve a more thorough comprehension of the behavior and the mechanisms characterizing the
experimental procedure, a stereoscopic analysis has been conducted. More specifically, one specimen per
angle group has been cut into two, three, or four parts. Each part has been studied stereoscopically, while

the greater attention of this analysis has been drawn to the peripheral sections of the specimens.

0° Angle

Between the outwards and the inwards bent lamina bundles a ring of material can be observed, separating
them (Figure 8.1). This material is debris created as following: During the intrawall splitting of the
specimens into outwards and inwards bent lamina bundles, as well as during the actual bending of them
and because of the friction, crashed material is gathered into the split. The top of this crashed material is

the ring observed.

Figures 8.2 and 8.4 show the center of specimen, where inwards bent lamina bundles from the perimeter of
the tube are compressed. The lamina bundles, due to the fact that they are on top of the interior of the
specimen, are still evident and have not completely crashed and become debris. Despite this, they have
undergone fracture, especially in the center of the specimen, where bundles of different direction are met
and compressed intensely. As a result, after the crashing plate is retracted, they decompress slightly and
thus tend to move a little upwards. Moreover, yarns are separated from the main bundle and protrude,

indicating severe matrix breakage.

Figure 8.1: 0 deg. loaded specimen. The material ring Figure 8.2: 0 deg. loaded specimen. The compression and
formed between the inwards and outwards bended fronds fragmentation of the inwards bended lamina bundles are
is evident apparent.
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Figure 8.3 is a peripheral section of the specimen. It can be observed that big interwall cracks are not evident
far from the crash front, meaning that, apart from microfracture that cannot be seen via stereoscopy, the
part of the tube that is not close to crash front appears to be largely intact. This is a characteristic of
progressive collapse; the majority of the mechanisms related to the collapse happen close to the crash front.
Delamination is apparent. The layers have been separated from each other, while, regarding inwards bent
lamina bundles, it is evident that the material plies have been damaged. In particular, even close to the crash
front, smaller bundles and yarns have detached from the bigger lamina bundles, which are severely
compressed and have undergone intense fracture. The lower parts of the material gathered inside the tube
have become debris due to the addition of material above them during compression and thus densitification,
while it is indicated that matix breakage have already taken place. Especially closer to the walls of the tube
the crashing of the material is notably observable, because the lamina bundles are compressed not only due
to the existence of other bundles in a confined place, but also the edge of them is crashed onto the
specimen’s walls. On the other hand, the outwards lamina bundles have space to coil and form the typical

mushrooming shape. As a result, their fragmentation is less.

Figure 8.3: 0 deg. loaded specimen. Peripheral section.

Figure 8.4: 0 deg. loaded specimen. The compression and
fragmentation of the inwards bended lamina bundles are
apparent.

Figure 8.6 shows another peripheral section of an axially loaded specimen. The main interwall split is wide
closely to the top of the specimen while it separates the inwards from the outwards bent fronds. This is
where the crashed material from the failed lamina bundles that form the aforementioned ring is gathered.
In its width contributes the gathering of crashed material, because, along with the compression of the
crashing plate, pressure is applied resulting in the expansion of the width of the split. Again, major splits
that expand far from the crash front are no apparent. At the crash front, the layers of both the inwards and

the outwards bent fronds are not immediately detached one from other. However, Figure 8.5 shows that this

77

—
| —



happens only for outwards bent fronds. Inwards bent fronds are crashed closely to the crash front. It can be
concluded that inwards bent lamina bundles collapse more easily than outwards ones, probably due to the
additional pressure and resistance applied by the gathered material inside the tube. Regarding outwards
coiling fronds, their detachment is gradual, beginning with (not stereoscopically observable)
microfragmentation and the growth of small cracks on the base of the fronds. The matrix and the fibers
break, and the layers of the material are delaminated. The delamination occurs not only between two
attached plies, but also inside the fiber layers of a ply. The cut edge of the fronds is either smooth or harsh.
A smooth edge corresponds to 0° fabric, because the fibers are not broken in this orientation. On the
contrary, a harsh edge is related with 90° fabric, due to the fact that fibers are cut vertically to their
orientation. Regarding outwards coiling fronds, the outer material layers of the specimen are more damaged
than the ones closer to the major interwall crack. This happens because the former layers have to bend more
than the latter ones, meaning that the failure related mechanisms occur earlier and more intensely. Also,
they are additionally pressed by the other outwards coiling fronds above them. The second outer layer can
be concluded from what mentioned above that is manufactured by a 90° fabric. It can be seen that the frond
has collapsed due to the aforementioned mechanisms and its direction is apparent because the yarns of the
fabric are parallel to the fracture. Some lamina bundles from the outwards coiling fronds are apparent. The

fragmentation of the fibers and the protruded yarns can be observed.

Figure 8.5: 0 deg. loaded specimen. Figure 8.6: 0 deg. loaded specimen.
Peripheral section. Peripheral section.
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3° Angle

The peripheral section of Figures 8.7, 8.8 and 8.9 correspond to the middle points of the apex’s
circumference between the left and right extreme points. As it is expected, the interwall crack that separates
the outwards coiling lamina bundles from the inwards bent ones is formed in the middle of thickness. The
layers of the outwards coiling fronds are mostly detached. In Figure 8.7 the two outer layers are remarkably
detached from the third outer layer. The former bend notably more than the latter, while their bending
begins closely to the (stereoscopically observable) bottom of the crack that is formed between the two outer
layers and the third one. In Figure 8.9 the delaminated two outer layers are apparent, with a crack forming
between them. Material from the outer twill layer protrudes from it, then is detached and the debris is
gathered on the base of the crack. In addition, in Figure 8.7, the outer layer appears to has fractured closely
to the crash front. These can be explained due to the additional pressure and bending because of the
existence of a number of thicker extra outwards bent layers at the crash front above the outer layer. In
Figure 8.8 intense bending results in remarkable fracture of the fibers and the matrix and thus protruded
fibers are evident. The other layers of the outwards coiling fronds are characterized by cracks and
delamination. Figure 8.9 shows that at the edges the outwards coiling fronds cracks are formed. These
cracks are a result of the peripheral tension of the mushrooming fronds during the compression of the
specimen. In the same figure, the lamina bundles of the fronds that are in touch with the crashing plate have
been broken in an earlier stage than the fronds below them. Friction between the fronds and the crashing
plate may have contributed to it, causing local microfractures until part of the lamina bundle detaches. Some
cracks are evident to extend inside one of the outer layers, meaning that it is collapsing, while its fibers
break and matrix fails. The beginning of delamination between layers is apparent in Figure 8.9. Gradually,

these cracks and delamination lead to the layer’s complete fracture.

The interwall crack that separates the outwards coiling lamina bundles from the inwards bent ones is not as
deep as the one separating the two outer layers. Crashed material appears to have been gathered in the
middle split, indicating that it is relatively wide. The material is gathered due to the fragmentation of pieces
of the layers, between which the middle split is formed. The aforementioned fragmentation is resulted by
the friction caused by the crashing of the plate on these two layers, and the damage that occurs on them. In
Figure 8.8, the gathered debris is relatively large pieces of material, probably from the inwards bent layer
of the two layers that between which the crack that separates inwards from outwards bent lamina bundles
is formed. The compression of the crashed material contributes into the main intrawall separating split
becoming wider. The inside bent lamina fronds appear to have collapsed close to the crash front. As it was
analyzed in the case of 0°, this happens probably due to the additional pressure and resistance applied by

the gathered material inside the tube. Some lamina bundles of the inner layer are protruded, leading to the
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conclusion that this layer is characterized by 90° orientation. Similarly with the case of 0°, cracks are

(stereoscopically) observable close to the crash front. This is a characteristic of progressive failure.

Microfracture, however is possible to occur.

A ki [
Figure 8.7: 3 deg. loaded specimen. Peripheral section. Figure 8.8: 3 deg. loaded specimen. Peripheral section.

Figure 8.10 illustrates outwards coiling fronds of the specimen. The intense fracture is evident. The layers
are delaminated, while inside a layer detachment is also apparent. The latter one is related with matrix and
fibers intense breakage, resulting in, among others, protruded bundles and yarns. During the compression
of the part of the layers that corresponds to the crash front, the bending of the layers leads to the local
development of the aforementioned failure mechanisms. The coils are formed due to the additional local

bending and fracture of the material.

#

Figure 8.9: 3 deg. loaded speli'men. Peripheral section.

Figure 8.10: 3 deg. loaded specimen. Peripheral section
of outwards coiling fronds.

Figure 8.11 corresponds to the peripheral section of the leftmost point of the specimen. The crack that
separates inwards with outwards bent lamina bundles is formed close to the middle of specimen’s thickness
(the picture is shot at an angle). In this crack, material has been gathered according to the mechanism that

was explained above. This slight displacement, regarding axially loaded specimens, is a result of the small
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loading angle. The inwards bent lamina bundles have completely failed according to the mechanism that
was mentioned above. The loading angle leads also to an angled crash front. The layers of the material are
easily observable. In the area close to the crash front, cracks, as well as the beginning of delamination, are

evident. Delamination becomes more intense as the outwards coiling layers bend.

Figure 8.12 is the peripheral section of the rightmost point of the specimen. As above, delamination is
apparent between the outer layers. In this case, how gradually delamination develops is evident, while small
pieces of crashed material can be observed on the base of the crack and larger ones are seen to have been
stuck at a wider point. The split that separates inwards from outwards bent lamina bundles forms close to
the middle of the specimen’s thickness and is characterized by a notable amount of material. Closer to the
base of the crack, the material appears to be small particles, while the farther from the base, the larger the
pieces of crashed material are. Despite it is not stereoscopically observable, at the base of the crack the

debris wedge contributes to the growth of it. The material of the debris wedge originates from the

aforementioned gathered material.

L B £ -
Figure 8.11: 3 deg. loaded specimen. Peripheral section. Figure 8.12: 3 deg. loaded specimen. Peripheral section.

Although a displacement of the interwall cracks that separates inwards from outwards bent lamina bundles
regarding both the leftmost and rightmost points of the specimen may be expected, due to the small angle
of inclination the displacement is hardly evident. However, the layers of the outwards coiling fronds appear
to be slightly more at the rightmost point of the specimen than at the leftmost (Figure 8.11). This can be
explained as following: The number of layers is actually equal, or almost equal. The layers appear to have
a different number because the ones of the left side are more bent during compression than the layers of
right side. As a result, the fronds of the latter ones stand more upwards, while the layers of the former ones

have less distance between them. This is a consequence of the loading angle.
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7° Angle

In Figure 8.13, the base of the specimen is illustrated. It can be observed that a crack has been formed on
the outer layers of the material, while some detached bundles and yarns are evident. At the early stages of
the compression, microfragmentation occurred before bigger cracks that would lead to the specimen’s
collapse were formed. On every case of progressive crashing, microfragmentation occurs on the top of the
specimen, close to the contact surface of it with the crashing plate. However, at the beginning
microfragmentation may occur at other parts of the tube, mostly where imperfections of the material exist,
in which bigger cracks are rarely developed. In this specimen, this bigger crack formed probably during the

early stages of collapse according to the aforementioned mechanism.

Figure 8.14 illustrates the peripheral section of the leftmost point of the specimen. The interwall split that
separates the outwards from the inwards bent bundles is evident. The (stereoscopically observable) length
of it is notably more than the one of the other cracks of the section. Large pieces of crashed material are
evident on the top of the split. The split, and thus the debris wedge, is not in the middle of thickness but
closer to the outwards bent fronds, meaning that the outwards bent fronds are less than the inwards ones.
Bundles from an inwards bent layer characterized by 90° direction are apparent, and are partially detached
from it. As mentioned in previous cases, the outer layers of the specimen bend more than the others

outwards coiling layers, with a remarkable crack separating the former from the latter.

Figure 8.14: 7 deg. loaded specimen. Peripheral section.

Figure 8.13: 7 deg. loaded specimen.
Detail of a crack formed on the base of the
specimen.
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Figure 8.15 shows a detailed view of crashed laminas inside the specimen. A part of the inwards bent lamina
bundles, mostly regarding the ones corresponding to the inner layers of material, crashes into smaller pieces
due to compression and densitification. The layers closer to the split that separates outwards and inwards
bent lamina bundles remain largely intact, forming a stack of delaminated bundles. In the center of the tube,
due to the pressure from the lamina bundles corresponding to the rest periphery of the specimen, the lamina

bundles are pressed downwards, maintaining their stacking to some extent.

Figure 8.16 shows the area between inwards and outwards bent fronds. Because the characteristic
mushrooming shaping of the specimen extends radially, the outwards fronds break into smaller lamina
bundles due to the tensile stress that they are subjected to shortly after the beginning of coiling and close to
the main body of the tube. The layer of material that was in touch with the crashing plate is apparent, and
appears to be notably damaged, while protruded yarns can be observed. A large part of it is completely
destroyed due to friction between the layer and the crashing plate. In addition, the decompression of the

material gathered inside the tube after the retraction of the crashing plate is evident.

#

v 3

Figure 8.15: 7 deg. loaded specimen. Detail of the Figure 8.16: 7 deg. loaded specimen. Interface between
inwards bended lamina bundles. inwards and outwards bended lamina bundles.

Figures 8.17 and 8.18 illustrate the peripheral section of the rightmost point of two 7° loaded specimens.
The crack, and thus the debris wedge, that separates inwards from outwards bent lamina bundles is formed
closely to the inner surface of the specimen, meaning that more outwards than inwards bent fronds are
formed. In addition, in Figure 8.17 the crack is not formed between two layers, but between two laminas of
the same layer. On the contrary, in Figure 8.18 the crack is formed between two different layers. Regarding
inwards bent lamina bundles, it is apparent that the fronds that are formed are stacked on top of each other
(Figure 8.17). In their point of bending, small areas can be observed between two nearby fronds which are

filled with crashed material, while the cracks that are developed in order the fronds to be formed are also
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evident. It is worth noting that the aforementioned crashed material originates from parts of the layers that
are not bent into inwards fronds, but are crashed by them. Furthermore, the inwards fronds do not originate
only from different layers, but also from different laminas of the same layer. The top inwards bent frond is
remarkably damaged due to the friction between it and the crashing plate. In Figure 8.18, crashed material
appears to have been gathered between the outwards and the inwards bent fronds above the crash front.
This material is not completely crashed, because the pieces of it are remarkably large, while it is observable
which pieces correspond to 0° and 90° layers. This material is the peripheral section of the decompressed
material that is gathered on top of the area inside the tube. It is not completely crashed, because it is
compressed only from the crashing plate and not from the existence of extra material above. The outwards
bent fronds do not coil, but are characterized by an upwards orientation, due to the loading angle.
Delamination is apparent between laminas of various layers, as well as crack developing. Apart from the

crack that separates inwards from outwards bent lamina bundles, no fragmentation is stereoscopically

evident below the crash front.

Figure 8.17: 7 deg. loaded specimen. Peripheral section. Figure 8.18: 7 deg. loaded specimen. Peripheral section.

Regarding the case of 7° loaded specimens, the crack, and thus the debris wedge, that separates inwards
from outwards bent lamina bundles is not in the middle of the thickness, due to the loading angle. It is closer
to the outer side on the leftmost point and to the inner side on the rightmost point. As a result, there is

different number of outwards and inwards bent fronds on both sides, as expected.
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12° Angle

Figures 8.19 and 8.20 show the material gathered inside the specimen, with Figure 8.20 being a peripheral
section. It is evident that the bent lamina bundles have broken into smaller ones, while fibers are detached.
It can be concluded that the matrix and the yarns of a layer have failed in a large extent. The lamina bundles
inside a specimen are further crashed and become debris when additional lamina bundles are bent above
them, compressing further the former ones. This mechanism is even more intense close to the sides of the
specimen. This is a result of the fact that when lamina bundles bend inwards, they tend to bend towards the
center of the tube. The part of the bundle that is covered by material above it is further crashed into smaller
pieces. The addition of the new less crashed material above pushes the smaller pieces towards the sides of

the tube, crashing them further and becoming debris.

Figure 8.19: 12 deg. loaded specimen. The debris inside
is evident.

Figure 8.20: 12 deg. loaded specimen.
Peripheral section.

Figure 8.21 shows the peripheral section of the leftmost point of a specimen. Due to the loading angle, not
only the majority of layers are bent inwards, but also the bending angle of the inwards bent lamina bundles
is not as big as regarding the aforementioned loading cases. Cracks and delamination are evident in inwards
bent lamina bundles. The crack, and thus the debris wedge, that separates inwards and outwards bent lamina
bundles is developed close to the outer surface of the specimen. The outwards bent lamina bundles have
been broken and detached closely to the crash front. This is a result of the fact that the loading angle is
notably large, meaning that the bending angle is also large and thus bending is so intense that leads to
lamina bundles’ detachment. In addition, the small number of outwards bending material layers may has

contributed in the detachment of the them. When a small number of outwards bending layers is concerned,
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there is little support of the lamina bundles that are in close proximity with the crashing plate by the lamina
bundles below them, meaning that the lamina bundles tend to detach more easily. The parts of the wall of

the specimen that are not close to the crash front appear to have remained intact.

Figure 8.22 shows the peripheral section of the rightmost point of the specimen. Outwards bent fronds are
far more than inwards bent lamina bundles, due to the fact that the crack that separates them is formed
closer to the inner surface of the tube. The development of the aforementioned crack is strongly affected
by the loading angle. Inwards bent lamina bundles have been completely detached closely to the crash front.
As mentioned in the previous paragraph, this occurs due to the intense bending because of the large loading
angle. Outwards bent fronds are characterized by an upwards orientation due to the large loading angle. In
particular, because of the loading angle, the crashing plate does not press them enough to acquire a larger
bending angle. The section of layers characterized by 90° direction is apparent. The outwards bent fronds
are delaminated, while the voids between the layers is notable. This is the opposite of the almost non
detached inwards bent lamina bundles (Figure 8.21). The aforementioned fronds do not have material below
them when they bend outwards, meaning that, when they are delaminated, they have space to expand. On
the contrary, the inwards bent lamina bundles are compressed by the crashing plate, but also the material
gathered inside the tube below them presses them too. This two - sided compression is an obstacle to the
development of their delamination. Figure 8.23 provides a closer view of the delamination of the upwards

oriented outwards bent fronds. The surfaces appear to be relatively smooth, with a small number of

protruded yarns.

Figure 8.21: 12 deg. loaded specimen. Peripheral section.

Figure 8.22: 12 deg. loaded specimen.
Peripheral section.
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Regarding 12° loaded specimens, lamina bundles that bend only inwards, or in other words lamina bundles
that even their outer twill layer bend inwards, become evident. Figure 8.20 show the bending of such a
lamina bundle. Its surface is notably smooth, due to the fact that the bending does not affect the surface of
the twill layer of the bundle. In this case, the lamina bundle is crashed by other bundles that are apparent
on the inside of the tube, shortly after its inwards bending. The crack between the completely inwards bent
lamina bundle and an outwards one can be observed. Material from the edges of the completely inwards

lamina bundle is upwards oriented due to the fragmentation.

Figure 8.24: 12 deg. loaded specimen. Point of starting
existing outwards coiling fronds.

Figure 8.23: 12 deg. loaded specimen.
Peripheral section.

It can be concluded that the crack, and thus the debris wedge (when it exists), that separates inwards from
outwards bent lamina bundles is closer to the outer side of the specimen on the leftmost point and to the
inner side on the rightmost point. Thus, the number of outwards and inwards bent fronds on both sides is
different.
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17° Angle

Figure 8.25 shows the peripheral section of a 17° loaded specimen. Two large cracks are evident, one of
them having been developed between two different layers, and the other between laminas of the same layer.
It can be observed that the outer twill layer has buckled, while debris has been gathered between the buckled
part of the twill layer and the next one. This local buckling is a result of compression; however, it did not

expand because of the withstanding of the rest of the layers.

A peripheral section of the leftmost point of the specimen can be observed in Figure 8.26. The vast majority
of the layers of the material bend inwards, due to the 17° loading angle. The loading angle is also related
with the small bending angle of the inwards bent lamina bundles, as well as the intrawall crack (and thus
the debris wedge) that separates inwards from outwards bent fronds and is close to the outer side of the
specimen. It can be observed that the inner layers have been severely crashed and damaged, with protruded
lamina bundles and yarns. This is probably a result of the combination of bending, compressive load applied
by the crashing plate, frictional resistance and resistance from the gathered material inside the tube. The
other layers, especially when they are closer to the inner side of the tube, are characterized by fragmentation
and local failure of fiber bundles. Figure 8.27 is a detail of an inwards bent lamina bundle. The edge is
characterized by protruded yarns, indicating fiber breakage and matrix failure. The few outwards bent
fronds are completely detached because of the bending angle of the fronds, which depends on the loading

angle, as well as the small number of outwards coiling fronds.

Figure 8.25: 17 deg. loaded specimen. Peripheral section. Figure 8.26: 17 deg. loaded specimen. Peripheral section.
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The left side of a 17° loaded specimen is characterized by only inwards bent lamina bundles. Figure 8.28
illustrates the point where outwards coiling fronds begin to form, where a large split is evident. The surface
of the lamina bundle that bend only inwards is relatively smooth, because the outer twill layer bent without
any significant damage. On the contrary, the layer of the frond that is in touch with the crashing plate
appears to have been severely damaged due to the friction between it and the crashing plate, with

fragmentation of the fibers being particularly apparent.

Figure 8.27: 17 deg. loaded specimen. Detail of inwards . : :
coiling frond. Figure 8.28: 17 deg. loaded specimen. Point between

completely inwards bending fronds and beginning of the
existence of outwards coiling fronds.

The rightmost point of the specimen is characterized by only outwards bent fronds, meaning that no crack,
and thus no debris wedge, that separates inwards from outwards bent fronds exist. This is a result of the
large loading angle (Figure 8.29). Delamination is particularly evident between the fronds due to matrix
and fiber failure because of the intense bending and generally the compression. In addition, the crashed

material that can be observed originates from the inwards bent lamina bundles.

"Y':

Figure 8.29: 1 deg. loaded specimen. Peripheral section.
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In conclusion, 17° loaded specimens are usually characterized by only inwards and outwards bent lamina

bundles at the leftmost and the rightmost points respectively, due to the large loading angle.

22° Angle

22° loaded specimens are characterized by intense bending. Figures 8.30 and 8.31 shows the peripheral
section of the rightmost point of the specimen. A crack separating inwards from outwards bent lamina
bundles has not been formed due to the intense bending which is a result of the large loading angle, meaning
that all the layers of the material bend outwards. No stereoscopically observable cracks below the crash
front are evident regarding Figure 8.30, while the area of the crash front cannot be clearly discriminated,
because the small bending angle does not cause as much damage as the previous loading cases in the crash
front area and the fronds. Regarding Figure 8.31, a number of lamina bundles have failed or been
delaminated close to the crash front due to bending, while some minor cracks are apparent. Delamination

is apparent not only between the different layers of material, but also between the laminas of the same layer.

Figure 8.30: 22 deg. loaded specimen. Peripheral section. Figure 8.31: 22 deg. loaded specimen. Peripheral section.

Figure 8.32 is the peripheral section of the leftmost point of the specimen. The crash front is characterized
by a remarkable angle of inclination due to the large loading angle. Due to these two angles, bending is
notably evident, while neither a crack (and thus debris wedge) that separates inwards from outwards bent
lamina bundles nor stereoscopically observable cracks are apparent. In other words, bending and not crack
formation and propagation is the main mechanism of collapse, while the layers of the material bend only
inwards. It can be observed that material has been gathered between inwards bent lamina bundles close to

the inner side of the tube. The material originates from layers of the specimen’s wall that did not bend, but
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were crashed by the other bent layers. The gathering of the material is apparent close to the inner surface
of the tube because the bending is more intense in this area, while bent lamina bundles corresponding to
the outer layers of the specimen accumulate above the ones corresponding to the inner layers. In addition,
detached bundles from inwards bent fronds are evident. Figure 8.33 shows the edges of the outwards bent
lamina bundles of the rightmost point of the specimen. The fronds have been divided into several thinner
lamina bundles, mostly because of the peripheral tension but also due to the damage caused by friction. The

latter mechanism contributed to lamina bundles’ detachment of pieces of them.

Figure 8.32: 22 deg. loaded specimen. Peripheral section. Figure 8.33: 22 deg. loaded sbecimen. Outwards bended
lamina bundles.

A detailed view of the fracture of a layers’ fibers can be observed in Figure 8.34. In this figure, the extended
fracture due to bending of the inwards bent lamina bundles can be seen, indicating fiber and matrix failure,
while yarns protrude. Figure 8.35 provides a view of the point inside the specimen where the inwards bent

lamina bundles are bent and pressed down and into the tube by one another.

Figure 8.34: 22 deg. loaded specimen. Detail of fracture Figure 8.35: 22 deg. loaded specimen. Detail of
of the fibers. conflicting inwards bended fronds.
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Defining thickness and layering

During the conduction of this thesis, a lack of data of the material has been observed. In particular, the
company that manufactured the CFRP beams provided data about the total wall thickness (1.5 mm), the
weaving pattern of the outside carbon fiber layer (twill) as well as the general fiber direction of the other
layers. Neither the number of layers nor the specific fiber direction of each one was known. In order to
define these two as well as their thickness, stereoscopic images of a coupon and of the peripheral section

of collapsed specimens were used.

In Figures 8.6, 8.7, 8.34 and 8.36 it can be observed that there is a discrepancy of the color of the layers
that are evident due to the section. This discrepancy is between mainly two shades of grey. Each shade of
grey corresponds to either 0° or 90° fiber direction. The delamination and the section of the layers result in
understanding which shade of grey corresponds to each one of the two different fiber directions. When the
sectional edge of the delaminated frond is smooth, the layer is characterized by 0° fiber direction, while
when it is harsh, the fiber orientation is 90°. Therefore, it is concluded that light grey layers correspond to
the Q° fiber orientated layers, while dark grey layers to 90° fiber orientated ones. The external twill layer

stands out from the other ones, due to its uniqueness and the way the fibers are protruded from the section.

The different color of the layers contributes in determining the total number of them. Thus, it is concluded
that the tube is consisted of nine layers, of various thicknesses. In order to calculate the thickness of each
layer, the proportion between each layer’s thickness and the total thickness was calculated via a digital
image editing, and was applied in regard with the real tube’s total thickness. Five different thicknesses
characterize the nine layers. The table below provides information about the fiber orientation and the
thickness of each layer. Layer counting starts from the inside of the tube, meaning that the twill layer is the

external one.
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Ply number Fiber orientation Thickness
1 90° 0.117 mm
2 0° 0.149 mm
3 90° 0.117 mm
4 0° 0.354 mm
5 90° 0.117 mm
6 0° 0.354 mm
7 90° 0.117 mm
8 0° 0.102 mm
9 Twill weaving 0.073 mm

Table 11: Details of the material layering and thickness

and layering.

Figure 8.36: Coupon used for defining tubes' thickness
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Chapter Nine: Finite Element Analysis

Finite Element Method & Ls - Dyna

The above analysis investigated the collapse of CFRP tubes under axial and oblique loading. In order to
acquire a more thorough comprehension of the failure mechanisms and the energy absorption of these crash
boxes, a finite element model was developed and tested in multiple cases of oblique loading. Finite Element
Method (F. E. M.) is used for the numerical solution of differential and integral equations by dividing a
complex system into smaller parts. In other words, the system is discretized. These parts are called finite
elements and are usually triangle or quadrilateral elements, while their edges are called nodes. Nodes are

the points that neighboring elements are connected.

By using F. E. M., the solution of problems that include complex geometries and boundary conditions and
cannot be solved analytically can be approximated. In particular, the F. E. M. formulation of a boundary
value problem results in a system of algebraic equations. After simple equations of the finite elements are
formed, they are assembled into a large system of equations that corresponds to the whole problem. The
solution is then approximated by minimizing a related error function. In order to reduce the error, the
appropriate discretization and element properties must be chosen. One of the great advantages of this
method is that it is suitable for solving non - linear problems. It is widely used in engineering and
mathematical modeling, while it is popular with problems regarding structural analysis, heat transfer, fluid

flow and electromagnetic potential.

The software package used was Ls - Dyna, which was developed by the former Livermore Software
Technology Corporation (LSTC) (the company was acquired by Ansys). It is widely used for nonlinear
transient dynamic Finite Element Analysis. Ls - Dyna uses explicit time integration. It consists of a single
executable file and it is entirely command - line driven. The input files are in ASCII format, so they can be
edited by any text editor. Ls - Dyna is accompanied by its own free pre - and postprocessor which is named
LS - PrePost. LS - PrePost is characterized by many key features, such as model checking, a variety of
meshing tools and material models, effective contact algorithms, D3PLOT animation and ASCII plotting.

In this thesis, the LS - PrePost version that was used was 4.7.3.

Ls - Dyna captures largely the complex failure behavior of composite materials in contrast with a great
number of other commercial finite elements codes, while it is used in a plethora of aerospace and automotive
industries. Compared with the failure of metals, the prediction and simulation of composite failure is
notably more challenging not only because of the failure mechanisms but also due to some insufficiencies

of the failure criteria of a variety of codes.
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Defining Material Properties

The vast majority of the essential material properties for the development of a modelling simulation are not
provided by the manufacturer of the CFRP tubes. The necessary properties include Young’s modulus in
longitudinal and transverse direction, Poisson’s ratio and shear modulus. In order to calculate the

aforementioned properties or, in other words, the laminate stiffness, the classic lamination theory is used.

The carbon fiber that was selected in order to apply the lamination theory is T300/934. T300, or baseline
carbon fiber, is a PAN carbon fiber that belongs in the category of standard modulus fibers and is
constructed by the Japanese industry Torayca. It is one of the most commonly used fibers in a great variety
of industries, including Aerospace applications, while it is characterized by a 30 - year production history.
The properties of T300/934 are: longitudinal modulus E; = 131 MPa, transverse modulus E; = 10.3 MPa,

shear modulus G, = 6.9 MPa, Poisson’s ratio vi2 = 0.22 and strain at failure 1.5%.
In order to calculate v1, the following equation is used:

V12 V21
MLLESRE.LENG!

Resulting to v»; = 0.017.

The lamina stiffness matrix, Q, for the 0° orientation is calculated according with the following equations:

— E1 2
Qu=7""7"— rn v (2)
E
Q22 = 2 (3)

1— v v

viprEy vyt Ey

Q12 = 4)

1— vy vy 11— V12 " V21
Qs6 = G12 (5)
Q16 =026 =0 (6)

As a result, the lamina stiffness matrix (measurement units: MPa and m) for every ply characterized by 0°
direction is:

10339.346 2274.656 0

[Qlo = | 2274.656 132000 0 | (7)
0 0 6900
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In order to calculate the lamina stiffness matrix for the 90° direction the following equations (8) - (12) are

taken into account;:

(Q11)90 = Q22 (8)
(Q22)90 = Q1 (9)
(Q12)90 = Q12 (10)
(Qe6)90 = Qo6 (11)
(Q16)90 = (Q26)90 = 0 (12)

Consequently, the lamina stiffness matrix (measurement units: MPa and m) for every ply characterized by
the 90° direction is:
132000 2274.656 0

[Qloo = |2274.656 10339.346 0 (13)
0 0 6900

Each lamina is either of 0° direction or of 90°. As a result, Q15 = Q26 = (Q16)90 = (Q26)90 = 0, While
each lamina is called specially orthotropic. This includes the twill woven lamina, due to the fact that the

amount of fabric in each one of the two aforementioned directions is the same.

It is essential to calculate the laminate extensional stiffness matrix [A], the laminate coupling stiffness
matrix [B] and the laminate bending stiffness matrix [D]. These matrices are given by the following
equations, where i is the number of the matrix row, j the number of the matrix column, t the thickness, k
the ply number and N the total number of plies (Table 11). It should be noted that the ninth ply, the twill
one, is replaced in the calculations of two other plies, one of 0° and one of 90° direction, each one having a
thickness of 0.0365 mm. For this reason, N = 10.

N
= Z Qi " (e — tey) (14)

N
1
By=3 ) @i (th—th) (5)
k=1
1 N
Dy =3 @ (6~ i) (16)
k=1
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The overall laminate stiffness matrix is the following:

[411 A1z A B Bia Big] 13625 3412 ~0 0005 0  ~0 1
A1z Az Aze Biz Bz Bas| [3412 76635 ~0 0 —0.005 ~0 |
A1g Azs Aes Bis Bz Bes _| ~0 ~0 10.35 ~0 ~0 ~0 an
By By, By Din D1z Dig 0.005 0 ~0 0.000216  0.00000064 ~0
By, By, By Dip Doy Do 0 —0.005 ~0 0.00000064 0.0000183 ~0
Bis Bys Bes Dig Dos D ~0 ~0 ~0 ~0 ~0 0.00000194
The overall laminate compliance matric is the inverse overall laminate stiffness matrix, or:
[A11 Az A Bu Bip Bm]_l 0.007  —0.000332 ~0 -1.642 -0.03 ~0 1
A1z Ay Aze Biz By By | —0.000332 0.013 ~0 —0.03 3486 ~0 |
A1g Azs Aes Bie Bae Bes =| ~0 ~0 0.097 ~0 ~0 ~0 |(18)
Bi1 B, By Di Dip Dy -1.642 —0.03 ~0 46654.061 —1641.689  ~0
Bi; Bys By Dip Dyy Dy l —0.03 3486 ~0 —1641.689 0.0000183  ~0
Bi¢ Bz Bss Dis Das Des ~0 ~0 ~0 ~0 ~0 515000

It can be observed that As, Az, B12, Bis, B2s, Bes, D1s and D2s are almost equal to zero, while By, = - Bu;.
This is a characteristic of the unsymmetric cross - ply laminate. After all, all the laminas are of either 0° or
90° direction. The equations (19) - (22) provide a close estimate to the equivalent moduli of the laminate.
It should be noted that they are not able to predict bending response. Moreover, they do not take into account
the non - zero [B] matrix; this case is especially complex. Nonetheless, partially because of the small value

of Bi1, the aforementioned estimate is close to the real values of the equivalent moduli.

_ Aqq Az — A%z

E
x t'AZZ

(19)
_ Aqq Ay — A%z

2
y t-Aq (O)

A
= A,

(21)

Gy =— (22)

Where Ey is the Young’s modulus in the longitudinal direction, Ey is the Young’s modulus in the transverse
direction, vyy is the Poisson’s ration, Gy iS the shear modulus and t the thickness of the laminate. The
resulted values of the laminate moduli are: Ex = 90.649 GPa, Ey = 51.033 GPa, vxy = 0.045 and G,y = 6.900

GPa. The MATLAB code that was used for the aforementioned calculations can be found on Appendix B2.
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Finite element model

The model consists of three components: The tube and two plates (Figure 9.1). The bottom plate remains
still, while the top one corresponds to the crashing plate of the UTM, applying compressive load to the tube
(Figure 9.2). The tube was designed by using SolidWorks CAD software, and was inserted in LS - PrePost
as an IGES file. The plates were designed directly in LS - PrePost, by using Box Shell option of the Shape
Mesher window. The tube’s height is 80 mm due to the fact that the other 20 mm (of the specimens used in
the experimental procedure) are into the restraining ring, so it can be assumed that this part of the specimens
does not affect (or at least, it has little influence on) the rest of the tube and its collapse (Figure 9.3). Another
reason behind this choice is to reduce the computational cost. The thickness remains 1.5 mm and the outside
diameter 40 mm. Because of the computational cost, one single fully - integrated shell element was used in
order to model the tube, grouping the CFRP layers. However, this modelling method is not able to capture
interlaminar mechanisms such as delamination. Square elements were used for the meshing, each side of
which was 2 mm. Attempts for a smaller element size were carried out, but the computational cost and the

running time were increased inefficiently much.

Figure 9.1: The assembly of the two rigid plates and the tube, in the case of axial loading.
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3

%]
%]
2 hottom_plate
4 crushtube

Figure 9.2: The top plate that corresponds to the crushing plate of the UTM. The solid elements can be observed.

2 bottom_plate
3 top_plate

Figure 9.3: The tube. The shell elements that it is consisting of can be observed.

The two plates were simulated as two solid rigid bodies on top and on bottom of the tube. Each plate is
consisted by 25 (5 x 5) solid elements. Each side of the plates is 80 mm, while their height is 15mm. The
properties inserted into the MAT_RIGID card are the ones of the steel, namely density: 7.85 g/cm?, Young’s
modulus: 270 GPa and Poisson’s ratio: 0.3 (Figure 9.4). All the degrees of freedom of the bottom plate are
constrained (Figure 9.5). The only degree of freedom of the top plate that is not constrained is the y -
translational one (Figures 9.6 and 9.7). The velocity of the crashing plate is the same as the experimental
one, namely 20 mm/min (Figure 9.8). The axial movement of the crashing plate on the y - axis leads to the
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compression of the tube. The termination time is set to 195 sec for the case of axial loading, so that the

displacement of the modelled tube to be the same with the experimental one.

Keyword Input Form

1 rigid_material

NewlD MatDB RefBy Pick Add Accept Delete Default Done
[JUse *Parameter [ | Comment (Subsys: 1 model_v13.6.7.k) Setting
*MAT_RIGID_(TITLE) (020} (1)
TITLE
| rigid_material |
1 MID RO E ER N COUFLE M ALIAS
| h || 0.0073500 || 2.0708+11 || 0.3000000 || 0.0 0 «|[00 || |
2 CMOo COoN1 CONZ2
o oo o ]
3 LCOORAL A2 A3 Vi V2 va
[02 [EX [EX IEX EX 00 |
Figure 9.4: MAT RIGID 020 card used for defining the plates’ material.
Keyword Input Form
MewlD Draw Pick Add Accept Delete Default Done
[JUse *Parameter [ ] Comment (Subsys: 1 model_v15.6.7.k) Setting
*BOUNDARY_SPC_SET_(ID} (3)
D TITLE
| 0 || bottom_plate_fix
1 NSID|® Che DOFX DO DOFZ DOFRX DOFRY DOFRZ
1 || ] | 1 ~ |1 ~ |1 w1 w1 w1 ~

Figure 9.5: BOUNDARY SPC SET card used for fixing the bottom plate’s degrees of freedom.

Keyword Input Form

1 bottom_plate fix
2 top_plate_dofs
3

Done 1 bottom_plate fix
Em. .ﬁ_

T Pick Add || Accept || Delete || Defautt
[ Use *Parameter [ | Comment (Subsys: 1 model_v15.6.7.k) Setting
*BOUNDARY_SPC_SET_(ID] (3)
D TITLE
| 0 || top_plate_dofs
1 NSID = CID = DOEX DOEY DOEZ DOFRX DOERY DOFRZ
2 || 0 | 1 «|lo «|[1 «|[1 |1 |1 >

3

Figure 9.6: BOUNDARY SPC SET card used for constraining the five out of six of crushing plate’s degrees of freedom.
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Keyword Input Form

1 top_plate velocity

MewlD Draw Pick Add Accept Delete Default Done
[Juse *Parameter [ ] Comment (Subsys: 1 model_v15.6.7.k) Setting
*BOUNDARY_PRESCRIBED_MOTION_SET_(ID) (1)
D TITLE ~
| 0 ” top_plate_velecity |
1 NSID|® DOFE VAD LCID = SE VD = DEATH BIRTH
Dg <o |1 || ~1.0000000 ||n ||1.unne+zs || 0.0 |
2
0.0 0.0 0 0 0
COMMENT:

Figure 9.7: BOUNDARY_PERSCRIBED_MOTION_SET card used for the movement of the crushing plate.

Keyword Input Form
NewlD || Draw ReiBy || Add || Accept || Delete || Defaukt || Done
[JUse *Parameter [ | Comment (Subsys: 1 model_v15.6.7.k) Setting
“DEFINE_CURVE_(TITLE) (1)
TITLE (R
| velocity |
1 LCID SIDR SFA SFO OFFA OFFQ DATTYP LCINT
0 > | 1.0000000 || 1.0000000 || 0.0 || 0.0 0 i D
Repeated Data by Button and List
2 Al o1
| 00 o333 |
1 000333 Data Pt. 1 Load XYData
2 9.9999998280e+12 0.3333 .
Replace Insert Plot Raise
Delete Help New Padd v

Figure 9.8: DEFINE_CURVE card used for defining the velocity of the crushing plate.

In order to simulate the CFRP layers of the tube, PART_CO
the tube. The pre - selected element formulation option,

MPOSITE card replaced PART card, regarding
Belytschko - Tsay, was kept, because of its

compatibility with fiber modelling due to the negligibility of bending stiffness, its hourglass control and its

lower computational cost in relation with other alternatives. The thickness and the fiber direction of each

ply were inserted, in order to model the layering. Each lamina is regarded through the thickness as an

integration point. In order to simulate the twill layer, it was i

nserted as two separated layers whose thickness

was half of the thickness of the initial layer. The fiber direction of the first one was 0°, and of the other 90°

(Figure 9.9).
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Keywaord Input Form

MewlD Draw RefBy Pick Add Accept Delete Default
[ Use *Parameter [_| Comment (Subsys: 1 model_v15.6.7.k)
*PART_COMPOSITE_(TITLE) (1)
1 TITLE
| i:rushtube
2 PID ELFORM SHRF NLOC MAREA HGID = ADPOPT ITHELFRM
D 2 - | 0.8330000 || 0.0 || 0.0 || 1 | 0 «|[o -
Repeated Data by Button and List
3 MID1 e THICK1 Bl TMID] = MIDZ = THICK2 B2 TMID2 =
[2 [o.n7 EX o 2 [[o.n7 |EX [
1 20.117 90.0 0 20.117 90.0 0 ~ Data Pt. 1
2 20.14% 0.0 0 20.149 0.0 0
3 20.117 90.0 0 20.117 90.0 0 Replace Insert
4 203534 0.0 0 20354 0.0 0
5 20.117 90.0 0 20.117 90.0 ] Delete Help
6 203534 0.0 0 20354 0.0 0 w

Done

Setting

Figure 9.9: PART COMPOSIRE card used for the tube and specifically the simulation of the material’s layers.

Contact interface algorithms are important due to the fact that they prevent the penetration between the

various components of the simulation, as well as control the contact within a component. Two types of
contact interface algorithms are used in this simulation. CONTACT_AUTOMATIC_SINGLE_SURFACE
is chosen so that self - penetration of the tube to be avoided. The coefficients of friction were selected from

literature, with static coefficient of friction being 1.05 and dynamic coefficient of friction being 0.3 (Figure
9.10). CONTACT_ERODING_NODES TO_SURFACE is used between the plates and the tube. Eroding

option is essential due to the deletion of the elements of the crash front that failed because of the

compression, and thus the necessity of definition of new boundaries of the tube. The coefficients of friction

were selected from literature, with static coefficient of friction being 0.61 and dynamic coefficient of

friction being 0.47 (Figure 9.11).

Keyword Input Form

MNewlD Draw Pick Add Accept Delete Default

[]Use *Parameter [ |Comment (Subsys: 1 model_v15.6.7.k)

FCONTACT_AUTOMATIC_SINGLE_SURFACE_(ID/TITLE/MPP) (1)

1 CID TITLE
| || crushtube_to_crushtube
CImMPP1 CImpP2
2
0 200 3 2 1.0005 0
3
0 10 0
4 SSID|= MSID | = SSTYP MSTYP SBOXID = MBOXID & SPR MFR
[¢ [0 |3 ~]lo ~][o [0 o ~]lo ~
5 FS ED bc Ve vDC PENCHK BT DT
| 1.0500000 || 0.2000000 || 0.0 || 0.0 || 0.0 | 0 - | 0.0 || 1.000e+20 |
& SES SFM SST MST SFST SEMT ESE VSE
1.0000000 || 1.0000000 || 0.0 || 0.0 || 1.0000000 || 1.0000000 || 1.0000000 || 1.0000000 |
&lA CJae [ ABC ] ABCD [JABCDE []ABCDEF

Figure 9.10: CONTACT_AUTOMATIC_SINGLE_SURFACE_CARD used for the tube.
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Keywerd Input Form

[JABCDE [JABCDEF

Default

MewlD Draw Pick Add Accept Delete
[JUse *Parameter [] Comment (Subsys: 1 model_v15.6.7.k)
*CONTACT_ERODING_NODES_TO_SURFACE_(ID/TITLE/MPP)_(THERMAL) (2
1 CcID TITLE
2 |
CImep1 CImpp2
2
0 200 3 2 1.0005 0
3
0 1.0 0
4 SSID(w MSID |» SSTYP MSTYP SBOXID|®| MBOXID(®| SPR FR
[+ [E |3 ME v o |0 lo vo v
5 FS ED DC VC VDC PENCHK BT DT
| 0.5100000 || 0.4700000 || 0.0 || 0.0 || 0.0 | 0 ~ | 0.0 || 1.000e+20 |
6 SFS SEM SST MST SFST SEMT FSE VSF
| 1.0000000 || 1.0000000 || 0.0 || 0.0 || 1.0000000 || 1.0000000 || 1.0000000 || 1.0000000 |
7 ISYM EROSOP  IAD]
0 ~ (0 |0 e
[]Thermal [T Friction [JA [ae [JABC [JABCD

2 (2) top_plate_to_tube

3 (3) bottem_plate_to_tube

Done

Setting

Figure 9.11: CONTACT_ERODING_NODES_TO_SURFACE card used for the contact between the tube and the plates.

In order to avoid the non - physical effect of hourglass, or in other words the excessive deformation of the

middle part of the mesh elements, in the HOURGLASS card the hourglass control option is activated, and

more specifically the Flanagan - Belytschko stiffness form was chosen as more suitable (Figure 9.12). The

data gathered during the simulation include the load that is applied to the tube from the crashing plate as

well as the absorbed energy, among others. Despite the measures taken in order to reduce the running time

of the simulation, it remained high. For this reason, in CONTROL_TIMESTEP card, the option of mass
scaling was applied (Figure 9.13). DATABASE_ASCII_option and DATABASE_BINARY_D3PLOT

were used for creating the essential databases for the simulation’s postprocessing.

Keyword Input Form

Delete

Default

(Subsys: 1 model_v15.6.7.k)

MewlD RefBy Add Accept
[ Use *Parameter [ ] Comment
*HOURGLASS_(TITLE) (1)
TITLE
crashtube |
1 HGID HQ oM IBO o1 Q2 QB/VDC QW

[

v | 0.1000000 || 0

1.5000000 || 0.0600000 || 0.1000000 || 0.1000000 |

Figure 9.12: HOURGLASS card.
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Keyword Input Form
Clear Accept Delete Default Done

[JUse *Parameter [ ] Comment (Subsys: 1 model_v15.6.7.k) Setting

*COMTROL_TIMESTEP (1)

1 DTINIT TSSFAC ISDO TSLIMT DT2MS LCTM = ERCDE MS15T
| 0.0 || 0.8000000 || 0 || 0.0 || -7.000e-05 || 0 | 0 ~|lo >

2 DI2MSF  DT2MSLCle|IMSCL[e| UNUSED  UNUSED RMSCL  UNUSED  IHDO
[0 o Lo Lo Lo leo o o~

Figure 9.13: CONTROL_TIMESTEP card.

Modelling material

One of the most significant aspects of the development of the finite element model is the right selection of
the material, as well as the insertion of the appropriate values, flags and factors, so that the simulation to be
as accurate as feasible. MAT_ENHANCED_ COMPOSITE_DAMAGE (054/055) was deemed appropriate

for this simulation.

From the two criteria options, the Chang - Chang matrix failure criterion was chosen, numbered as 54.
MAT _054 is a progressive failure model that is widely used for simulations of a variety of composite
applications. The necessary input parameters are less than the required ones for other material models, while
the computational cost is also lower. It is practically an improvement of MAT _022, characterized by a crash

front algorithm.

Due to the fact that the available material data are limited, a number of approximations has been made. In
addition, some parameters have either no physical meaning or cannot be determined experimentally. As a
result, calibration of the model is necessary. For these reasons, the model cannot be an exact simulation of

the experimental procedure.

RO is the mass density. It is chosen as the mean value of the mass density of all specimens (), being equal
to 0.0014662 g/mm?3. EA is the Young’s modulus in longitudinal direction, EB is the Young’s modulus in
transverse direction, PRBA the Poisson’s ration and GAB, GBC and GCA the shear moduli (that, due to
lack of data are presumed to be equal). The values of the aforementioned variables have been calculated in
the section Defining Material Properties, meaning that EA = Ex = 90.649 GPa, EB = Ey = 51.033 GPa,
PRBA = vyxy = 0.045 and GAB = GBC = GCA = Gxy = 6.900 GPa.
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TFAIL is the time step size criterion for element deletion. In other words, when an element becomes highly
distorted and therefore a very small time step is necessary, the element is deleted. A value less than 0.1 is
chosen, meaning that the element deletion happens when the time step is smaller than TFAIL. The value of
TFAIL is defined via the trial - and - error method, and is equal to 2.000e - 09. It was observed that when
the value of TFAIL was close or greater than the one of the element time step, which is equal to 6.053e -
07, the elements were deleted abnormally early in the simulation. As a result, a value about two orders of
magnitude smaller than the element time step was chosen, in order to avoid premature deletion and as long

as significant element distortion is not a great concern, due to the activation of HOURGLASS option.

The behavior of the material in the elastic region is characterized by the following equations:

& = E_ (01 — 127 02) (23)
b
1

& = E_ (02 — V21 01) (24)
y

28, = i-‘512+01-‘cf‘2 (25)
Gyy
Where ¢ is the strain, ¢ the normal stress, t the shear stress, while the axial 1 - direction is related with the
fibers, the transverse 2 - direction with the matrix, and the 12 - direction with the shear behavior. G,y is the
shear modulus and o is a shear stress parameter for the nonlinear term, with a suggested value range of O -
0.5. In the material card the variable is ALPH. It cannot be found experimentally, so the trial - and - error
method is used, resulting to ALPH =0.1.

SOFT is a softening reduction factor that reduces the strength of the crash front elements, which are the
elements that are direct neighbors of the failed elements. SOFT cannot be defined experimentally, while its

values range from zero to one. Via trial - and - error method, SOFT is chosen to be equal to 0.85.

XT is the longitudinal tensile strength. The value of it is the mean value of the Ultimate Tensile Strength
of the three coupons used for this calculation (Table 3), as was explained in Chapter Five. XT is equal to
1067 MPa. YT is the transverse tensile strength. Due to the fact that the accurate value is not available, as
well as that the laminate is not unidirectional, but is formed from laminas of both longitudinal and transverse

directions, YT is selected to have the same value as XT.

XC is the longitudinal compression strength, while YC is the transverse compression. No data gathered by
experiments conducted on coupons were available. For this reason, the value of these variables was

approximately calculated by finding the mean percentage difference between tensile and compressive
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strength of coupons fabricated by both 0° and 90° laminas on various sources of bibliography. Compressive
strength is about 78.023% of tensile strength, meaning that XC and YC are about 832.5 MPa.

SC is the shear strength. The lack of experimental data resulted to the usage of the aforementioned method,
meaning that an approximate value was defined by a variety of sources. The value of SC is equal to 153.6
MPa.

FBRT is a softening parameter for fiber tensile strength. It is activated for values greater than zero, and
reduce longitudinal tensile strength to XT - FBRT. It can be easily observed due to the equation that the
values must range from 0 to 1. This parameter cannot be experimentally defined and therefore must be

calibrated through trial - and - error method. In this simulation FBRT remained equal to zero.

YCFAC is a reduction factor for compressive fiber strength after matix failure. In other words, after the
compressive matrix failure the compressive strength is reduced to XC = YCFAC - YC. It can be observed
that the maximum value of YCFAC can be XC/YC, while this variable cannot be measured experimentally,

so trial - and - error method is used for the calibration. In this simulation, YCFAC = 1.

BETA is a weighting factor for shear term in tensile fiber mode, whose range of values is between equal to
zero and to one. In this case, BETA is chosen to remain equal to zero. DFAILS is the maximum shear strain,
DFAILM is the maximum strain for matrix straining in tension or compression and EFS the effective failure

strain. They are chosen to remain zero due to lack of data.

DFAILC is the maximum strain for fiber compression and DFAILT is the maximum strain for fiber tension.

Their value is chosen to be equal to 0.015, because, according to literature, T300 carbon fiber’s strain at

failure is 1.5 % (Figure 9.14).
The Chang - Chang failure criteria follow the following conditions:

Tensile fiber mode (611 > 0):

2 _ E)Z ((%12\* _ . (=0 failed
°r (Xt +h (Sc) 1 {<Oelastic (26)

Upon failure: Ex = Ey = Gyxy = Vxy = Vyx = 0. B is the BETA variable mentioned previously.

Compressive fiber mode (611 < 0):

e = (g)z _q {z 0 failed .y

< 0 elastic

Upon failure: Ex = Vxy = Vyx = 0.
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Tensile matrix mode (c22 > 0):

Upon failure: Ey =

2 _ @)2 912\> _ . (=0 failed
ém (Yt +(Sc) 1 {< 0 elastic (28)

ny = Vyx = O

Compressive matrix mode (o22 < 0):

ed

Upon failure: Ey =

Keywaord Input Form
MewlDr

[[] Use *Parameter

[ Comment

022 Ye

(2 -SC>2 + [(2 -SC)Z B 1]

ny = ny = Vyx = 0

022

Y.

012\?
+ [— —
(5)

MatDEB RefBy Pick Add Accept Delete Default

(Subsys: 1 model_v15.6.7.k)

*MAT_ENHANCED_COMPOSITE_DAMAGE_(TITLE) (054/053) (1)

TITLE
| composite_material |
1 MID RO EA EB (EC) PRBA (FRCA) (PRCB)
|p || 0.0014662 || 2.994e+10 || 5.019e+10 || 0.0 || 0.0250000 || 0.0 || 0.0 |
2 GAB GBC GCA (KF) AOQFT [ 2WAY
[6.900e+08 || 6.900e+08 | &.900e+09 |[ 0.0 |00 |[ 10000000 |
3 xp Y zZP Al A2 A3 MANGLE
[00 [00 [00 [[00 |00 |00 |00 |
4 w1 V2 va D1 D2 D3 DFAILM DFALS
[oo [00 [00 (X X X X X |
5 TEALL ALPH SOFT FBRT YCFAC DFALLT DFAILC EFS
[2.000e-08 || 0.1000000 | 0.9000000 || 00 |[ 10000000 |[ 0.0150000 || -0.0150000 | 0.0 |
6 %C xT e YT sc CRIT BETA
| 8325608 || 1.067e+09 || 83256408 || 1.067e+08 || 153608 | 54.0 >
7 PEL EPSE EPSR TSMD SOFT2

[0 [00

IEX Moo [l'1.0000000 |

{2 0 failed
< 0 elastic

Done

Setting

(29

'

)

2 composite_material

Figure 9.74: MAT ENHANCED COMPOSITE_DAMAGE._054/055 card used for defining the tube’s material.

When MAT 54 is concerned, failure can occur according to one of the following cases. First, if DFAILT

is equal to zero, and thus DFAILC is not activated regardless its value, failure occurs when the Chang -
Chang criterion is satisfied in the tensile fiber mode. If DFAILT, and in the case of this thesis DFAILC, is

greater to zero, failure occurs if the fiber strain is greater than DFAILT or less than DFAILC, or if the value

of the strain of the matrix is greater than DFAILM, or if the value of tensorial strain is greater than DFAILS.

In the case that EFS is greater than zero, failure occurs when the effective strain is greater than the value of

EFS. Lastly, when TFAIL is greater than zero, failure occurs according to the element time step. The

element is deleted when failure takes place in the entire composite layers that have been simulated as

through - thickness integration points. After the deletion of an element, the neighboring ones become the
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crash front elements. In the present simulation, failure occurs mostly when the fiber strain is less than
DFAILC. As mentioned above, TFAIL was chosen to be two scales of magnitude less than the time step,

so that it does not lead to premature deletion of the elements.

Modelling the various loading angles

In order to model the cases of oblique compression, the tube along with the bottom plate are rotated. For
this reason, the transform card is used (Figure 9.15). The ENDTIM option, which is the termination time,
of the CONTROL_TERMINATION card is altered in order to fit the displacement of each experiment
(Table 5).
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Figure 9.15: 3¢ rotation of the tube and the bottom plate. The same procedure is applied for the rest of the loading angles.
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Chapter Ten: Results of the numerical simulation

In this chapter, the stages of collapse, the related compressive load - compressive extension graphs as well
as the crashworthiness indicators of each modelled tube are presented. The data provided from the
simulation are in ASCII form. By saving the ASCII files, and thus the related data, the compressive load -
compressive extension graphs regarding each loading angle can be plotted. Furthermore, the calculation

and evaluation of the crashworthiness indicators is also feasible.

Stages of collapse & compressive load - compressive extension graphs

The compressive load - compressive extension graphs have been plotted, and are analyzed below in
comparison with the corresponding experimental curves. A MATLAB script has been developed in order
to plot the graphs (Appendix B3). Along with them, the stages of collapse of each modelled tube are
presented. It should be mentioned that, apart from the rotation of the tube and the bottom plate, as well as
the termination time, nothing else has been changed in regard with the various simulations, with each one
of them corresponding to a loading angle. In addition, the calibration of the parameters that had to be
calibrated was made in order to achieve a deviation of +10% between the AE, SEA and MCF indicators of
the experiments and the simulation. As a result, slight differences between the compressive load -

compressive extension curves of the model and the experiments are expected.

Ls - Dyna’s explicit solver was used for the numerical simulation. It was preferred rather than implicit
solver, due to the fact that the latter one is related with more computational time. In addition, when implicit
solver is used, the collapse of the tube is characterized by abnormalities, due to the fact that its symmetry
affects the initialization of the crushing. Explicit solver can provide reliable results. However, fluctuations
of the compressive load - compressive extension curve as well as a locally increased load are expected,

because the effect of mass is taken into account.

0° loading angle

The tube is placed between two plates (Figure 9.1). The top plate moves downwards, resulting to the axial

compression of the tube. Figures 10.1a - e illustrate the stages of the simulation’s compression. After the
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beginning of the plastic deformation, the vast majority of the fronds that are formed by the elements bend
inwards (Figure 10.1a). As the compression continues, the aforementioned fronds bend further inside the
tube. The outwards bent fronds expand less, because their elements are deleted earlier (Figures 10.1a and
b). Deleted elements between the fronds simulate the formation of the cracks. Due to intense bending at the
elements of the crash front, all but one inwards bent fronds are deleted (Figure 10.1d). This element deletion
results in a slight increase in the crash front elements that bend outwards (Figure 10.1e). Element deletion
is notably evident during the later stages of collapse, while it can be observed even at the base of the tube,

which, until then, was mostly intact. ENDTIM value is 195.

Figures 10.1a - e: Stages of collapse of 0° loaded model.

Figure 10.2 presents the compressive load - compressive extension curve of the 0° loaded modelled tube
compared with the three corresponding curves of the specimens used for the experiments. The curve of the
simulation is similar to the other three. In all cases, the PCF is reached shortly after the beginning of the
compression. In particular, it is reached slightly sooner when the simulation is concerned. This may be a
result of the fact that, during the experimental procedure, the initial cracks need more time to form. On the
contrary, during the simulation, PCF is reached sooner so that element deletion and crushing to begin. This
instant peak drops abruptly and the value of the force fluctuates around a mean value, forming a plateau.
The mean value of the plateau of the modelled tube is marginally less than the mean value of the plateau of
the specimens. However, the curve of the modelled tube is characterized by notably more fluctuations than
the curves of the specimens. This is a result of the use of explicit solver, as explained above. For the same
reason, after the PCF is reached, the curve of the modelled tube is characterized by a number of values

close to 50 kN, before it drops to the plateau. The increase of the compressive load of the specimens is
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apparent during the later stages of collapse, due to densitification. This cannot be simulated because of
element deletion.

Compressive load - compressive extension graph for 0 deg loading angle
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3° loading angle

The stages of collapse of the 3° loaded modelled tube is illustrated in figures 10.3a - e. It can be observed
that only two big inwards bent fronds are formed, along with two notably smaller outwards ones (Figure
10.3a). Although that the simulation regards oblique loading, the fronds bend inwards and outwards
alternately. This happens because the loading angle is small, and thus the case of axial compression is
largely resembled. The deleted elements between the fronds resemble the cracks of the specimens. The
outwards bending of the fronds resemble the coiling of the corresponding fronds of the specimens (Figures
10.3b and c). Because of their bending, at the later stages of collapse elements of these fronds are deleted.
Due to the fact that the inwards bent fronds are wide and they bend towards the center of the tube, they are
not subjected to extensive element deletion, and thus are not deleted at the crash front. As a result, a number
of elements is inside the tube before they are deleted, resembling the material gathering of the 3° loaded
specimens (Figures 10.3d and e). Some elements of the base of the tube are deleted during the early stages

of collapse. However, element deletion at this area does not expand at the later stages. ENDTIM value is
225.
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Figure 10.4 illustrates the compressive load - compressive extension graph of the modelled tube and the
specimens used for the experiment. The curve of the modelled tube is similar to the curves of the specimen,
especially regarding specimen 2a. The elastic region of the modelled tube ends slightly sooner than when
the specimens are concerned. This is due to the beginning of element deletion and crushing of the tube. The
formation of the initial cracks of the specimens requires more time. The PCF of the modelled tube is reached
at the early stages of the compression, while its value is more than 50 kN and far higher than the specimens’
values that correspond to the same deformation. This is a result of the use of explicit solver. For the same
reason, the fluctuations at the plateau of the crash zone of the modelled tube are way more than the ones of
the specimens. The mean value of the load of the crashing zone of the modelled tube is similar to the
correspondent value of the specimens. During the last stages of collapse, there is an increase of the
compressive load of the specimens due to densitification. Meanwhile, the compressive load of the modelled

tube decreases substantially because the majority of elements have already been deleted.

Figures 10.3a - e: Stages of collapse of 3° loaded model.
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Compressive load - compressive extension graph for 3 deg loading angle
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7° loading angle

The stages of collapse of the 7° loaded modelled tube are presented in Figures 10.5a - e. The loading angle
is big enough for inwards and outwards bent fronds to form separately. Mainly two inwards bent fronds
and a wide, initially radially expanding outwards one are formed (Figures 10.5a and b). The deleted
elements between the fronds resemble the main cracks of the corresponding specimens. The two inwards
bent fronds coil inside the tube. The majority of their elements are not deleted at the crash front (Figures
10.5b and c). As a result, the elements gathered inside the tube resemble the gathered material of the
specimens. Figure 10.5¢e show that a notable number of fronds’ elements has been deleted. The outwards
bent frond is slightly coiling (Figure 10.5c). As the compression continues, the outwards bent frond is
moving downwards, resembling the experiment (Figures 10.5d and €). A number of elements is deleted at
the crash front, but this deletion does not affect the bending. Intense element deletion that leads to the
deletion of a whole frond cannot be observed at the crash front (Figure 10.5e). However, at the later stages
of collapse, it is evident. Almost no elements at the base of the tube are deleted, during the presented stages
of collapse. The value of ENDTIM is 225.

Figure 10.6 presents the compressive load - compressive extension graph of the 7° loaded modelled tube
and specimens. The totally elastic region of the modelled tube and the specimens ends at almost the same
point of the curves. The load’s mean value of the crash zone’s plateau of the modelled tube is higher than

the one of the specimens. Also, the plateau starts earlier, probably because of the fact that element deletion
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of the modelled tube starts earlier than the formation of the initial cracks of the specimens. Similarly with
the previous loading cases, the fluctuations of the modelled tube’s curve are way more than the ones of the
specimens’ curves, due to the explicit solver. At the later stages of collapse the specimens’ load is increased
due to their densitification. On the contrary, the modelled tube’s load has significantly decreased during an
earlier stage. This is a result of the abrupt deletion of a number of elements at the base of the tube because
of the large loading angle, which subsequently results in the bending of the tube.

Figures 10.5a - e: Stages of collapse of 7° loaded model.
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12° loading angle

The stages of collapse of the 12° loaded modelled tube are illustrated in figures 10.7a - e. Due to the large
loading angle, the inwards and outwards bent fronds are separated, and resemble the fronds of the
specimens. Two big and a smaller inwards bent fronds are formed. The deleted elements between the fronds
resemble the main cracks of the specimens (Figure 10.7a). A small number of the elements of inwards
fronds is deleted, thus the fronds continue to expand inside the tube, resembling the gathered material of
the specimens (Figures 10.7b - d). The one and only outwards bent frond coil downwards, similarly to the
specimens (Figure 10.7a - c¢). The element deletion does not affect the coiling of the fronds. However, at
the later stages, element deletion of both inwards and outward bent fronds is increased (Figures 10.7d and
e). The deletion of the elements tube’s base is increased during the later stages of collapse (Figure 10.7¢).

ENDTIM’s value is 210.

Figures 10.7a - e: Stages of collapse of 12° loaded model.

Figure 10.8 illustrates the compressive load - compressive extension graph of the 12° loaded modelled tube
and specimens. Again, the point that is related with the end of the elastic region of each curve corresponds
to the same value of compressive extension. The crash zone of the modelled tube begins earlier than of the
specimens, similarly with the case of 7° loading angle. When the crash zone’s plateau begins, the modelled
tube’s load is higher than the specimens’ one, because of explicit solver. The mean value of the crash zone’s
load of the modelled tube is close to the ones of the specimens. However, its fluctuations are particularly

intense due to the use of the explicit solver. Explicit solver results also to an increased PCF of the modelled
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tube. An increase of the compressive load of the specimens during the last stages of collapse is not apparent,
due to the absence of densitification. Nonetheless, elements deletion of the modelled tube resulted in a
decrease of its load.

Compressive load - compressive extension graph for 12 deg loading angle
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17° loading angle

Figures 10.9a - e present the stages of collapse of the 17° loaded modelled tube. The behavior of the
modelled tube resembles largely the behavior of the corresponding specimens. Similarly with the previous
loading cases, the large loading angle results in the formation of inwards and outwards bent fronds
separately (Figure 10.9b - ¢). The deleted elements between the fronds resemble the main cracks that are
developed on the specimens. Two large inwards bent fronds can be observed. At the earlier stages of
collapse, a small number of elements is deleted (Figure 10.9b). As the compression continues, element
deletion becomes extensive, affecting largely even the elements of the crash front (Figure 10.9e). A
continuous outwards bent frond is evident, which, after its initial bending, coil downwards (Figures 10.9b
and c). At the later stages of collapse, due to element deletion, especially at the crash front, the coiling frond
resembles lamina bundles (Figure 10.9d). At the earlier stages of collapse, a small number of the elements
of the tube’s base had been deleted (Figure 10.9b). However, during the later stages, due to bending, the
deleted elements increased (Figure 10.9¢). ENDTIM’s value is 210.
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Figures 10.9a - e: Stages of collapse of 17° loaded model.

Figure 10.10 illustrates the compressive load - compressive extension graph of the 17° loaded modelled
tube and specimens. The point of the end of the totally elastic zone of each curve corresponds to the same
compressive extension. The crash zones of the modelled tube and the specimens start closely one to another,
while at the crashing zone, the modelled tube’s load value is close to the specimens’ ones. Explicit solver
results in fluctuations in the modelled tube’s curve, as well as a larger PCF. The specimens are not
characterized by densitification. The compressive load of the modelled tube decreases significantly during
the later stages of collapse, because of element deletion.

Compressive load - compressive extension graph for 17 deg loading angle
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22° loading angle

The stages of collapse of the 22° loaded modelled tube are illustrated in Figures 10.11a - e. Bending is the
main mechanism of collapse of the modelled tube. At the early stages of collapse, fronds begin to bend
inwards and outwards of the tube (Figure 10.11b). Later, however, bending affects the majority of the tube’s
body and not only the crash front (Figures 10.11 d and €). As a result, element deletion close to the crash
front is evident at the early stages of collapse (Figure 10.11c). During the later stages and since bending is
the main mechanism of collapse, element deletion can be found mostly regarding the elements of the main
crack and the ones at the base of the tube (Figure 10.11e). This is a result of the intense bending, due to the
large loading angle. The value of ENDTIM is 204.

Figures 10.11a - e: Stages of collapse of 22° loaded model.

Figure 10.12 illustrates the compressive load - compressive extension curves of the 22° loaded modelled
tube and specimens. Again, the point of each curve that total elastic zone end corresponds to almost the
same compressive extension, while the crash zone of the modelled tube starts earlier than the crash zone of
the specimens, as explained in previous loading cases. The use of explicit solver results in a high value of
the modelled tube’s PCF and a great number of fluctuations. The crash zone’s mean load of the specimens

is slightly higher than the one of the modelled tube.
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Compressive load - compressive extension graph for 22 deg loading angle
25 . : . : v .

Fig. 10.11b simulation
g — specimen 6a

20+ specimen 6b| |

Fig. 10.11c Fig. 10.11d

Fig. 10.11b

Compressive load (kN)

0 10 20 30 40 50 60 70
Compressive extension (mm)

Figure 10.12

Comparison of the collapse of the specimens and the modelled tubes

The compression of the specimens and the related modelled tubes bear similarities; however, a number of
differences can be observed, mainly due to one single fully - integrated shell element that was used in

modelling of the tubes.

Despite element deletion, the bent lamina bundles and fronds of the specimens correspond to bundles or
fronds of elements that bend inwards or outwards of the tubes of the simulation. Element deletion prevent
the development of large bundles and sometimes fronds. Regardless of this, the formation of bent bundles
and fronds at the crash front is evident. These bundles and fronds are later deleted, or expand, reaching a
significant length. The use of one single shell element to model the tubes means that the formation of the
main intrawall crack and the debris wedge and delamination cannot be simulated. As a result, each part of
the modelled tubes’ circumference bend only inwards or only outwards, thus mushrooming shape is not
apparent. Nonetheless, the inwards bending and outwards bending and coiling of the fronds is close to the
related ones of the specimens. When oblique loading is concerned (and apart from 3° loading angle), left
side’s bundles of the specimens and the modelled tubes bend similarly. Likewise, right side’s fronds of the
specimens and the modelled tubes have a similar behavior regarding bending and coiling. Especially the
extension of the 22° loaded specimen’s bending is simulated greatly. The main cracks between the fronds

of the specimens are largely simulated as deleted elements of the modelled tubes’ fronds. Despite some
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minor cases of element deletion at the base of the modelled tubes, the part of them that is not close to the

crash front remain largely intact, similarly with the specimens.

Therefore, it can be concluded that the collapse of the modelled tubes is accurate, especially after taking

into account the one shell element technique used for the simulation of the thickness of the tubes.

Crashworthiness indicators

The crashworthiness indicators are exceptionally important in order to evaluate the crashworthiness
capability of an energy absorber. In this case, also, they determine the accuracy of the numerical simulation
of the compression tests that have been conducted. A numerical simulation can be considered accurate if
the deviation between the crashworthiness indicators of the experiment and the ones of the simulation is
less than +10%, especially regarding MCF, AE and SEA indicators. The essential data for the calculation
and evaluation of the crashworthiness indicators were gathered by the related ASCI|I files. Table 12 presents
the crashworthiness indicators of each simulation, the mean value of the experimental ones per loading

angle as well as their deviation.

It can be observed that the deviation of MCF, AE and SEA is smaller than £10%. On the other hand, the
deviation between the PCF values of the experiment and the simulation ranges from 16.898% (7° loading
angle) to 82.676% (12° loading angle). It is important PCF to be kept under a threshold, in order vehicle
safety to be maintained. Similarly, as in the experimental procedure, PCF of an axially loaded crash tube is
characterized by a far bigger value than any case of oblique loading. In particular, the PCF of the axially
loaded crash box is 91.100 kN. It should be mentioned that such a deviation in PCF is expected, because of
explicit solver, as well as the use of one - shell element technique in order to represent the crash box’s
thickness. In addition, regarding the specimens, imperfections of the material make the collapsing
conditions non - ideal and thus affect greatly the PCF, by reducing it. These imperfections cannot be
modeled; thus, the PCF value of a simulation is higher. However, PCF is not a significant indicator, due to
the fact that it does not affect the energy absorption capability of a tube. Similarly, CFE indicator is also

characterized by great deviation, due to the fact that is the ratio of MCF to PCF.
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The deviation of the MCF indicator ranges from 0.741% (7° loading angle) to 9.153% (0° loading angle).
Similarly, the deviation of the AE is between 0.262% (7° loading angle) and 9.638% (12° loading angle),
while SEA’s deviation ranges from 0.493% (7° loading angle) to 9.831% (12° loading angle). It should be
noted that the simulation is particularly close to the experimental results when the case of 7° loading angle
is concerned. As far as the deviation of the indicators related with energy absorption is less than £10%, the
simulation is accurate. The deviation may be a result of the existence of imperfections on the specimens
used for the experiment. In addition, due to the one - shell element technigque, delamination and the
formation of the debris wedge cannot be simulated; this probably affects the indicators’ values. Element
deletion means that densitification also cannot be simulated. The notable number of calibrated parameters
that are responsible for the collapse remain the same when the loading angle is altered; the only change
between the modelled tubes is the rotation of the tube and the bottom plate. This, along with the exceptional

sensitivity of the code, may also affect the deviation.

The crashworthiness indicators of the simulation agree with the ones of the experiments. Oblique loading
affects the energy absorption capability of a tube. The increase of the angle lead to a decrease of AE and
SEA. Despite deviation, PCF remains far higher and CFE notably lower in case of axial loading than of

oblique loading.

Critical loading angle

By taking into account the collapse of the tubes, the compressive load - compressive extension curves and
the values of the crashworthiness indicators, regarding both the experiments and the simulation, it can be
concluded that the critical loading angle is 12°. Critical angle is the loading angle that the collapse does not
resemble the axial collapse anymore, and is replaced by bending collapse. The 12° loaded specimens (and
secondly the modelled tube) are not characterized at all by a mushrooming shape, while their right side’s
lamina bundles have notably bent. It can be observed via the compressive load - compressive extension
comparative curves of figure 6.48 that the mean load of the crashing zone of the 12° loaded specimen is
remarkably less than the corresponding load of the 0°, 3° and 7° loaded specimens, meaning that it is
subjected to bending collapse. The noteworthy reduction of the values of the crashworthiness indicators of
both the experiments and the simulation, especially regarding MCF and SEA, contribute to the fact that the
12°loading angle is the critical angle.
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Chapter Eleven: Conclusions

This present thesis examines the collapse of circular tubes subjected to quasi - static oblique loading. The
mechanisms of the collapse were investigated macroscopically and stereoscopically, the crashworthiness
indicators were calculated and the effectiveness of the crash tubes regarding the loading angle was
determined. In addition, a numerical model in LS — DYNA was developed. The seven loading angles were

0°, 39, 7°,12°,17° and 22°. The main conclusions of this thesis are presented in this chapter.

The increase of the loading angle results to alterations of the behavior of the CFRP tubes. All the specimens
collapsed progressively. The mushrooming shape that characterizes specimens that collapse according to
Mode I is clearly evident in the case of axial loading, while there is symmetry in the shape of the collapsed
specimens. When small loading angles are concerned, in this case of 3° or 7°, the mushrooming shape is
also evident, but there is no symmetry apparent due to the loading angle. Regarding larger angles, the
mushrooming shape cannot be observed due to the gradual replacement of outwards coiling lamina bundles

with bent ones. Bending collapse is apparent when 12° or more loaded specimens are concerned.

The crack that separates inwards from outwards bent lamina bundles, and thus the debris wedge, are affected
by the loading angle. When the loading angle is 0° or 3°, the debris wedge is formed in the center of the
wall thickness of the specimen, meaning that an (almost) equal number of inwards and outwards lamina
bundles is formed. The increase of the loading angle has the following result: the debris wedge is formed
closer to the outer surface of the specimen at its left side, and closer to the inner surface at the right side. In
other words, it is formed closer to the surface that is first affected by the crashing plate. Consequently, more
inwards bent lamina bundles are formed at the left side and more outwards at the right side of the specimen.

When a loading angle of 12° or more degrees is concerned, the debris wedge is partially or totally absent.

The load - extension curve of an axially loaded specimen is characterized by many differences regarding
the curve of an oblique loaded one. When axial loading is concerned, peak load’s value is significantly
higher than mean load and it is reached shortly after the beginning of the compression, due to the
simultaneous development of cracks on every part of the tube’s periphery. On the contrary, regarding
oblique loading, cracks are formed gradually, meaning that the value of peak load is not much higher than
mean load, while it is reached at the beginning of crash zone, at another point of it, or at densitification

Zone.

The gradual contact that the plate makes with the top of the specimen can be described at the load - extension

curve as a transitional zone. This zone starts when cracks are developed at the first point of the periphery
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of the specimen, which is also the first point that the crashing plate makes contact with, and thus it begins
to deform plastically. The beginning of the transitional zone is related with a change in the inclination of
the curve. The transitional zone ends when all the points of the periphery have started deforming plastically.

When the loading angle is larger, the transitional zone is bigger.

The mechanisms related to the collapse, or at least the stereoscopically visible ones, such as cracks and
delamination are developed close to the crash front. The fronds that are in contact with the crashing plate
are more damaged than the rest lamina bundles due to the friction developed between the plate and the
specimen. Furthermore, the inwards bent lamina bundles are more compressed than the outwards one, due
to the additional compression from the rest of the specimen. Inside the tube, the material that is closer to
the specimen’s walls is more crashed than the material close to the center. This is a result of the additional

pressure from the specimen’s walls, the material above and the material from the center of the tube.

The crashworthiness indicators were used for the evaluation of the crash tubes and how the loading angle

affected their effectiveness.

The Peak Crashing Force of every case of oblique loading, even the ones that PCF was found on
densitification zone, is far less than the PCF of the cases of axial loading. This means that, if the PCF, and
thus deceleration, is kept under a threshold in the case of axial loading, when oblique loading is concerned
this threshold would not be exceeded, leading to a significant decrease of the chances of injuries or damage
regarding the passengers and the cargo of a vehicle respectively. Furthermore, the values of the PCF of
similar specimens subjected to axial loading have a notably greater deviation than the corresponding values
of the oblique loading cases. This can be attributed to the fact that PCF is applied noticeably more
instantaneously in cases of axial than of oblique loading, because of the simultaneous formation of cracks
in the whole periphery of the specimen. Regarding the experimental procedure of this thesis, the PCF of a
22° loaded specimen is only 17.88% of the PCF of an axially loaded one.

The Mean Crashing Force decreases as the loading angle increases, while a higher value of it indicates a
better energy absorption capability. The decline of MCF is relatively smooth due to the fact that the
replacement of the outwards coiling fronds and the debris wedge by the bending of the lamina bundles is
happening gradually as the loading angle increases (the first resistance mechanisms are related with a higher
necessary load value applied by the crashing plate). In the set of experiments examined in the present thesis,
the changes of the development of the aforementioned mechanisms are more evident between the 7° loaded
specimens and the 12° loaded ones. Also, regarding axial loading, MCF is not affected by PCF, because the
second one is applied instantaneously. As far as this thesis is concerned, the MCF of a 22° loaded specimen
is 36.84% of the MCF of an axially loaded one.
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The Absorbed Energy indicator depends on the deformation length of the crash tubes. Therefore, in cases
that the specimens of a set of experiments are characterized by different deformation length, as is the case
with the present thesis, AE is not a reliable indicator. It shows, however, how the increase of the loading
angle leads to a decrease of a tube’s crushing length, meaning that less energy can be absorbed. The Specific
Energy Absorption is a more reliable indicator than AE. The increase of the loading angle results in a
decrease of SEA. In particular, the SEA of a 17° loaded energy absorber is approximately 50% less than
the SEA of the same energy absorber when it is axially loaded. This indicates that oblique loading,
especially when large angles are concerned, results in a notable decrease of the energy absorption capability
of an energy absorber. The changes of the development of the aforementioned failure mechanisms as the
loading angle increases affect SEA in a similar manner as MCF. Regarding this thesis, the percentage of
SEA of a 22° loaded specimen is 36.78% of SEA of an axially loaded one.

Crash Force Efficiency is one of the two most important indicators, because it represents the changes in
deceleration that eventually will affect the passengers and the cargo of a vehicle, when a collision takes
place, meaning that there is a lower risk of head and neck injuries. Oblique loaded crash tubes are
characterized by a remarkably better CFE than axially loaded ones. This is a result of the instant applying
of the PCF in cases of axial loading, as it is analyzed above. When oblique loading is concerned, a
specimen’s PCF may be applied during densitification, affecting the CFE. The MCF of the tested specimens
is relatively close compared with the notable differences among the specimens’ PCF values, meaning that
CFE is more depended by PCF.

In general, the values of the majority of crashworthiness indicators become less when larger loading angles
are concerned. A crash tube’s energy absorbing capability is decreased when the loading angle is increased,
but its crash force efficiency is notably higher, while the peak crashing force is lower. The first is related

with less energy absorbed, but the second with less deceleration affecting the passengers and the cargo.

The simulation developed in Ls - Dyna is in close agreement with the experiments, regarding the collapse

of the crash tubes, the compressive load - compressive extension graphs and the crashworthiness indicators.

In particular, the formation of the modelled tubes’ fronds during their collapse and the bending of them
resemble greatly the corresponding mechanisms that were developed at the specimens of the experimental
procedure during their compression. Apart from the loading case of 3°, the extent of the loading angle’s
effect on the specimens’ collapse is accurately depicted on the modelled tubes’ collapse. In case of 22°
loading, the bending of the tubes is notably extended, regarding both the specimens and the modelled tube.
The main cracks developed in specimens can be depicted as deleted elements between the fronds of the

modelled tubes.
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The load - extension curves of the simulation bear many similarities with the curves of the experiment,
despite a number of differences that can be observed. The curves’ shape is similar, including the transitional
zone and the crash zone’s plateau. The modelled tubes’ load values at the aforementioned plateau are also
close to the ones of the specimens. An enhanced number of fluctuations regarding the modelled tubes’
curves can be observed, as well as some locally increased load values, which are expected, mostly due to

the use of the explicit solver.

The deviation of the crashworthiness indicators of MCF, AE and SEA is less than £10%, meaning that the
simulation is accurate, especially when the 7° loading angle is concerned. The increase of the loading angle
results in a decrease of the values of the aforementioned indicators, and therefore the energy absorption
capability of a tube. On the contrary, the deviation of the PCF indicator’s values is notably large. The
explicit solver, the one shell element technique for modelling the tube, and the simulation’s ideal conditions
are the reasons behind this. This deviation was therefore expected, while it is proved that the aforementioned

technique is not suitable for the calculation of the PCF.

The critical angle than the tubes are not subjected to progressive collapse anymore but to bending collapse
is 12°. The 12° loaded specimens are not characterized by a mushrooming shape, while the bending of them
is extensive. In addition, the values of MCF and SEA are notably less than the corresponding values of the

7° loaded specimens.

Overall, oblique loading affects the crashworthiness of a tube. As the loading angle increases, and especially
when it is 12° or more, the energy absorption capability of the tubes is decreased. Bending becomes more
evident and gradually dominates over other energy absorbing mechanisms of the tube, such as the formation
and movement of debris wedge, which finally becomes absent. There is a transitional zone at the
compressive load - compressive extension graph of oblique loaded specimens, which corresponds to the
gradual contact made between the crushing plate and the tube’s apex. A large loading angle is related with
less changes in deceleration, meaning that there is a lower risk of head and neck injuries of a vehicle’s

occupant.
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Chapter Twelve: Future Work

During the procedure of conducting this thesis, a number of ideas were raised regarding further research of
the issue of the behavior of specimens subjected to quasi - static oblique compression. Some of the
suggestions are related with the investigation of crash tubes characterized by different experimental
parameters, while others focus on the numerical simulation of the experiment. The research on oblique
compression of crash tubes is a significant area due to its application on the case of vehicle collision, while

the lack of studies means that thorough investigation has to be made.

Different types of crash tubes could be tested. In this way, the efficiency and the absorbed energy of
different types of composite crash tubes could be determined, as well as how they collapse when they are
subjected to multiple angle cases of oblique loading. The number of plies, as well as their stacking could
vary. Specimens with different types of fabric direction could be tested; they may be constituted of only 0°
- 90° unidirectional fabrics or only woven ones. Combinations of 45° unidirectional fabrics could be taken
into account. Triggered specimens can also be tested in order to determine how triggering is affected by
changes in the loading angle. Moreover, specimens of different length and geometry could be tested. Other
experimental techniques could be used such as drop - hammer machine or split - Hopkinson pressure bar

for investigating dynamic oblique loading.

A microscopic analysis of the collapsed specimens could give a better insight into the mechanisms that rule
the collapse, such as the crack propagation. This analysis could also investigate the debris wedge and

determine how the loading angle affects its position in the tube’s wall, its inclination and its propagation.

Regarding the LS - DYNA simulation, a more detailed model could be developed. Each material layer
could be modelled separately. The connection between them can be done by using the
TIEBREAK_CONTACT option. This model could be able to simulate delamination and result in more
accurate values of PCF. A denser mesh would also provide more accurate results. Such a model was not

able to be developed during the course of this present thesis due to computational and time restrictions.
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Appendix A

This section presents the experimental results, namely the stages of the collapse, the images of the resulting
specimens, and the compressive load - compressive extension and compressive stress - compressive strain

diagrams, regarding the rest of the specimens, whose data have not been presented above.

Specimen 1b

Figures A.1la - h: Stages of collapse of tube 1b
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Figure A.3: Top view of collapsed tube 1b Figure A.4: Bottom view of collapsed tube 1b
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Figure A.5: Compressive load — compressive extension graph for tube 1b
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Figure A.6: Compressive stress — compressive strain graph for tube 1b

Specimen 1c

Figures A.7a- h: Stages of collapse of tube 1c
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Figure A.9: Top view of collapsed tube 1c

Figure A.10: Bottom view of collapsed tube 1c
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Figure A.11: Compressive load — compressive extension graph for tube 1c
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Specimen 1to 1
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Figure A.12: Compressive stress — compressive strain graph for specimen 1c

Specimen 2a

Figures A.13a - h: Stages of collapse of tube 2a
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Figure A.14: Front view of collapsed tube 2a

Figure A.15: Top view of collapsed tube 2a Figure A.16: Right view of collapsed tube 2a
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Figure A.17: Bottom view of collapsed tube 2a Figure A.18: Left view of collapsed tube 2a
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Graph Compressive Load - Compressive Extension
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Figure A.19: Compressive load - compressive extension graph for tube 2a
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Figure A.20: Compressive stress — compressive strain graph for tube 2a
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Specimen 2b

Figures A.21a - h: Stages of collapse of tube 2b

Figure A.22: Front view of collapsed tube 2b
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Figure A.24: Left view of collapsed tube 2b

Figure A.25: Bottom view of collapsed
tube 2b

Figure A.26: Right view of collapsed tube 2b
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Figure A.27: Compressive load - compressive extension graph for tube 2b
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Figure A.28: Compressive stress — compressive strain graph for tube 2b

Specimen 3a

Figures A.29a - h: Stages of collapse of tube 3a
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Figure A.30: Front view of collapsed tube 3a

;lgg;eaA.Sl: Top view of collapsed Figure A.32: Left view of collapsed tube 3a

Figure A.33: Bottom view of collapsed tube 3a Figure A.34: Right view of collapsed tube 3a
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Graph Compressive Load - Compressive Extension
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Figure A.35: Compressive load - compressive extension graph for tube 3a
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Figure A.36: Compressive stress — compressive strain graph for tube 3a
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Specimen 3¢

Figures A.37a -h: Stages of collapse of tube 3c

Figure A.38: Front view of collapsed tube 3c
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Figure A.40: Left view of collapsed tube 3c
3c

Figure A.41: Bottom view of collapsed tube 3c Figure A.42: Right view of collapsed tube 3¢
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Figure A.43: Compressive load - compressive extension graph for tube 3c
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Figure A.44: Compressive stress — compressive strain graph for tube 3¢

Specimen 4a

Figures A.45a -h: Stages of collapse of tube 4a
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Figure A.46: Front view of collapsed tube 4a

Figure A.48: Left view of collapsed tube 4a

Figure A.49: Bottom view of collapsed tube 4a Figure A.50: Right view of collapsed tube 4a
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Graph Compressive Load - Compressive Extension
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Figure A.51: Compressive load - compressive extension graph for tube 4a
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Figure A.52: Compressive stress — compressive strain graph for tube 4a
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Specimen 4b

Figures A.53a -h: Stages of collapse of tube 4b

-

Figure A.54: Front view of collapsed tube 4b
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Figure A.57: Bottom view of collapsed tube 4b Figure A.58: Right view of collapsed tube 4b
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Figure A.59: Compressive load - compressive extension graph for tube 4b
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Figure A.60: Compressive stress — compressive strain graph for tube 4b

Specimen 5a

Figures A.61a -h: Stages of collapse of tube 5a
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Figure A.62: Front view of collapsed tube 5a

i

Figure A.63: Top view of collapsed tube 5a Figure A.64: Left view of collapsed tube 5a

Figure A.65: Bottom view of collapsed tube 5a Figure A.66: Right view of collapsed tube 5a
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Graph Compressive Load - Compressive Extension
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Figure A.67: Compressive load - compressive extension graph for tube 5«
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Figure A.68: Compressive stress — compressive strain graph for tube 5a
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Specimen 5b

Figures A.69a -h: Stages of collapse of tube 5b

Figure A.70: Front view of collapsed tube 5b
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Figure A.73: Bottom view of collapsed tube 5b Figure A.74: Right view of collapsed tube 5b

Graph Compressive Load - Compressive Extension
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Figure A.75: Compressive load - compressive extension graph for tube 5b
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Figure A.76: Compressive stress — compressive strain graph for tube 5b

Specimen 6a

Figures A.77a -h: Stages of collapse of tube 6a
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Figure A.78: Front view of collapsed tube 6a

it ol

Figure A.80: Left view of collapsed tube 6a

Figure A.79: Top view of collapsed tube 6a

Figure A.82: Right view of collapsed tube 6a
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Figure A.81: Bottom view of collapsed tube 6a
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Graph Compressive Load - Compressive Extension
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Figure A.83: Compressive load - compressive extension graph for tube 6a
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Figure A.84: Compressive stress — compressive strain graph for tube 6a
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Appendix B
Appendix B1

In this section, the MATLAB script used for the calculation of the energy absorbing indicators is presented.
The data provided from the UTM are exported into an Excel file, which is called by the MATLAB script.

clc;

clear;

M = xlsread('crashworthiness parameters data for matlab.xlsx',
"la');

rows = length (M(:,1));

R =10.02;

r = 0.0185;

h =0.1;

i=1;

for i l:rows; %for (if existed) minus loads

if M(i,12) < O
M(i,12) = 0;

end
end
$max stress MPa
maxstress = max(M(:,4));

max deformation mm
maxdeform = max (M(:,10));
%Peak crashing force N
PCF = max(M(:,12));
%$Pmean (post - crashing) N
i=1;
for i=l:rows; %elastic region
if M(i,1)>=1;
if M(i,12)< M(i-1,12);

rowelast = i-1;
break
end
end
end
Ptemp =0;
rfscp = rowelast + 1; Srow for starting calculating Pmean
i =1;
for 1 = rfscp:rows;
Ptemp = Ptemp + M(i,12);
end
rowsforpmean = rows - rfscp + 1;
Pmean = Ptemp / rowsforpmean;

%energy absorption J
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i =1;

Eabs = 0;
Eabsgr(1,1) = 0;
Eabsgrtot (1,1) = 0;
for i = 2:rows
M(i,10) = M(i,10)*0.001; S%Sextension to meters
Eabsgr(i,1) = (((M(i,12) + M(i-1,12))*(M(i,10) - M(i-
1,10)))/2);%values for Eabs graph
Eabsgrtot (i, 1) = Eabsgrtot(i-1,1) + Eabsgr(i,1);
Eabs = Eabs + (((M(i,12) + M(i-1,12))* (M(1i,10) - M(i-
1,10)))/2);
end

$specific energy absorption J/g

vol = pi* ((R*2)-(xr"2)) *h;

dens = M(1,17)/vol;

volspec = pi* ((R"2)-(r"2))*M(rows,10);
massspec = dens * volspec;

SEA = Eabs/massspec;

%Crash force efficiency

CFE = Pmean/PCF;

%load uniformity (reverse CFE)

LU = PCF/Pmean;

Appendix B2

In this section, the MATLAB code used for the classic laminate theory as well as the calculation of the

equivalent moduli needed for the LS - DYNA simulation is presented.

clc;

clear;

$T300/934 properties

El = 131 * (1073); S%MPa
E2 = 10.3 * (1073);

vz = 0.22;

v2l = (v12 * E2)/E1l;
Gl2 = 6.9 * (1073);

T = 1.5 * 0.001;
%laminas' compliance matrices
for i = 1:3;

for j = 1:3;
Qo(llj) = 0;
Q90(i,3) = 0;

end

end
Q0(1,1) = E1/(1 - (v12 * v21));
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Q0(2,2) = E2/(1 - (v12 * v21));
Q0(1,2) = (v12 * E2)/(1 -( v12 * v21));
Q0(2,1) = (v12 * E2)/(1 —-( v12 * v21));
Q0(3,3) = G12;
090(2,2) = E1/(1 - (v12 * v21));
Q90 (1,1) = E2/(1 - (v12 * v21));
Q90 (1, 2) (vi2 * E2)/(1 —-( v12 * v21));
Q90 (2,1) (vi2 * E2)/(1 —-( v12 * v21));
Q90(3,3) = G12;
%A, B, D matrices & thickness
for n = 1:3;
for m = 1:3;
A(n,m) = 0;
B(n,m) 0;
D(n,m) 0;
end
end
t (1) -0.75;
t(2) = -0.633;
t(3) = -0.484;
t(4) = -0.367;
t(5) = -0.013;
t(6) = 0.104;
t(7) 0.458;
£ (8) 0.575;
£ (9) 0.077;
£ (10) 0.7135
t(ll) = 0.75;
for n = 1:11;
t(n) = t(n) * 0.001;
end
for i = 1:3;
for j = 1:3;
for k 1:10;
if (k==1) [| (k ==23) || (k==25) || (k==17) 1]
(k == 9);
A(i,] A(i,J) + Q90(i,3) * (t(k+1l) - t(k));
B(i, B(i,J) + Q90(i,3) * ((t(k+1l)"2) -
(t(k)"2));
D(i,3) = D(i,3) + Q90(1i,3) * ((t(k+1)"3) -
(t(k)"3));
else
A(i,3J) = A(i,3) + Q0(i,3) (t(k+1l) - t(k));
B(i, = B(1i, + Q0(i,3) * ((t(k+1)"2) -
(t(k)"2));
D(i,3) = D(i,3) + Q0(i,3J) * ((t(k+1)"3) -




end

end
B(i,j) = 0.5 * B(i,73);
D(i,3) = (1/3) * D(i,3);

end
end
%C (stiffness) and S (compliance) matrices of the laminate
for n = 1:6;

for m = 1:6;

C(n,m) = 0;
S(n,m) = 0;
end
end
for i = 1:3;
for j=1:3;
C(llj) :A(ilj);
C((l+3)lj) :B(ilj 7
C(ll(j+3)) ZB(in);
C((i+3), (3+3)) = D(i,3);
end
end

S = inv (C);
%equivalent moduli (MPa)

Ex = ((A(1,1) * A(2,2)) - (A(1,2)"2))/(T * A(2,2));
Ey = ((A(1,1) * A(2,2)) - (A(1,2)72))/(T * A(l,1));
VXY = A(llz)/A(zlz);

Gxy = A(3,3)/T;

Appendix B3

In this section, the MATLAB script used for plotting the compressive load - compressive extension graphs,

which include both the models’ and the experimental data, is presented.

clc;

clear;

Mls = xlsread('ls dyna results.xlsx', 'data0');
lengthls = M1ls (10,9);

time step = 0.005;

vel = 0.333;

time(1,1) = 0;

for 1 = 2:lengthls;

time(i,1) = time(i-1,1) + time step;
end
for 1 = 1l:lengthls;

deformls(i,1l) = vel * time(i,1l); %se mm
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end

for i1 =
forcels (1i-2,

end

Mexpl =

lengthexpl

1) =

= Mexpl (1,4);
deformexpl = Mexpl(:,1);
forceexpl = Mexpl (:,2);
for 1 = 1l:lengthexpl;
forceexpl (i, 1) =
end
Mexp2 =
lengthexp?2 = Mexp2(1,4);
deformexp?2 Mexp2 (:,1);
forceexp?2 = Mexp2(:,2);
for i = 1l:lengthexp?2;
forceexp2 (i, 1) =
end
Mexp3 =
lengthexp3 = Mexp3(1,4);
deformexp3 Mexp3(:,1);
forceexp3 = Mexp3(:,2);
for 1 = 1l:lengthexp3;
forceexp3 (i, 1) =
end
figure
plot

3: (lengthls + 2);
Mls (1,

xlsread('tubular data till 0702.xlsx"',

xlsread('tubular data till 0702.xlsx"',

xlsread('tubular data till 0702.xlsx"',

2)* (107 (=9));

"la');

0.001 * forceexpl(i,1);

"1Ib");

0.001 * forceexp2(i,1l);

"lct);

0.001 * forceexp3(i,1);

(deformls, forcels, 'b',deformexpl, forceexpl, 'r',deformexp?2, forcee
xp2, 'g',deformexp3, forceexp3, 'k")

legend ('simulation', 'specimen la', 'specimen 1b', 'specimen 1lc')
title ('Compressive load - compressive extension graph for 0 deg
loading angle')
xlabel ('Compressive extension (mm) ')
ylabel ('Compressive load (kN) ")
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Appendix C: Summary in Greek

In this section a summary of the present thesis is presented in Greek.

Ewayoyn

Tig tedevtaieg dekaetieg, N AOENON TOV TPOYOPOP®Y OYNUATWV £YEL OONYNOEL OTNV EMITAKTIKT OVAYKN
avalNInong TpOT®V EVIoYLONG TNG ACPAAELLS TOVS, MOTE GE TEPIMTWOOT) OTUYNLLATOG 01 SUGLEVEIG GUVETELES
va glvar 660 o duvatdv mo Nec. Me dAla Adyo, €lval amopaitnIn 1N KAVOTNTO EVOG OYNLLOTOGC VO
avtome&éAOel 6e TEPIMTOOT TPOCKPOLGNG LE GTOYO TNV TPOCTUGIN TOV ETPAVOVIOV OO TPOVUUTIGUO

Kot Tov Poptiov omd {nud. Avth 1 kavotnta ovopdaletor crashworthiness.

Ot omoppo@NTéG EVEPYEWNG YPNOUOTOOVVTAL €VPEMS GtV  ovtokivntoflopnyavic. H avénon tov
OYNUAT®V UETOPOPAS CVVETEAEGE GTNV OOENGCT TOV TPOYOU®MY ATUYNUATOV Kol KOTO GUVEREIN TV
TPOVUOTICU®V Kot Tov Oavatov. H gikdva, 1.1 mapovctdlel ta oyeTikd oTatioTikd ototyeio g EALGSaG
a6 1o 1991 péypr xon to 2020. [Mapatmpeitor 6TL  Pertioon g acedrelag TV oynuatoy peiwce Tov
aptpod Tov atuynUaToV, deiyvovtag TOGo CNUAVTIKY Elvaln HéEYPL TOPA OAAG Kot LEAAOVTIKT EPEVVA TAV®D

oT0 OLVTIKSI’.LLSVO.

H épevva éyel emkevipmbel oty mepintwomn g LETOMIKNAG TPOGKPOLONS, OOV 1) UEIMGT TNG KIVNTIKNG
EVEPYELNG KO GLVETMG 1) EMPpAadvvon ov Ba aoknOel TeEMKAE 6TOoVG EMPATES KOl GTO POPTIO TOL OYNLOTOG
elvar amapaitnm, oote vo dttnpndei n acedield tovc. [pokeipévov va S106QaAlcTEL ALTO, YiveTal ypromn
ATOPPOPNTAOV EVEPYELNG. LTOVG OTTOPPOPNTEG EVEPYELNS TEPIAOUPAVOVTOL KEADPT GMATVOELOOVG HOPPNG
(crush tubes) mov PBpickovial TomobeTNUEVE, GTO UAPOGTIVO HUEPOG TOV OYNALOTOS TPOG THY Katevhuven g
OOKOVUEVNG OVVOUNG, EVD 1] OVTIKOTAGTOON TOVG givol evkoln (eikdva 1.2). e nepintmon tpodcKPOLONS
OTOPPOPOVY LEYAAES TOGOTNTEG KIVNTIKNG EVEPYELNG MOTE Vo Uelwbel 1 dbvoun mov Oa petopepOet
TEPALTEP® OTO OYNUO KOL KOTO GUVERELD OTOVG €mPATES, peumvovTog Tig {nuiéc kot tnv mbavotnta
TPOVHATICHOV ovTicTolya. H emtAoyn tov vAkol katackevng toug eivor peilovog onpocioc, 6nwg Kot To
UNKOC TOVG, OOTE VA EMTEVYHOVV 1 LEYITTY SUVATH TAUCTIKY TAPUUOPPMOOT), 1| LEYLOTN EOIKT ATOPPOPNON
evEpYELNG, VO elvat dkpmg embBountd to pikpd Papoc. H yeopetpio tav KEADQ®V amoppdenong eVEPYELNS
7oV yapakTnpiletot amd TIg KAAVTEPEG UNYOVIKES 1O10TNTEG EIVaL 1] KLAVOPIKT], AOY® TNG EAAEWYNG oMUEi®Y,

OTMOG YOVIDV, OTTOVL EVVOEITAL 1] CLYKEVTPMOT] TAGEWV.

Ta kelden amoppoenomNg evépyelag Kataokevdlovtay and HETOAA, OT®S TO OAOLLIVIO, dALY TAEOV glval

capég 0Tt Ta ovvleta vikd (CFRP, GFRP, AFRP) vreptepovv. Z1o TAEOVEKTILATO TNG YPTCEWMG TOV
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GUVOETOV VAIK®OV CLYKATAAEYOVTOL 1) VYNAT €01KN 0moppOPNON EVEPYELNS, 1 VYNAY avoroyio akopyiog
pog Papog kot to pikpd Papoc. Emiong, pe tov katdAinio cuvdvacsud UHTPOS, VAV Kol TPOGOVAUTOAGLILOD
TOV TEAELTOIOV Ol UNYOVIKEG OOTNTEC KOL AP0 O TPOTOC KOUTAPPELONG TV KEALVO®OV ATOPPOPNONG

EVEPYELNG UTOPOVV VO, TPOGUPLOGTOVV CVAAOYOL LLE TV EQPOPLOYT.

H mepumhokdtTa TOL QAVOUEVOL KOl TNG GUUTEPLPOPAS TOV KEALQ®V ATOppOeNoNG EVEPYELNG KOO1oTA
TIg mepapatikég dokpuée amapaitntes. [épa amd ™ ypfion ovtokvAtev TANpovg peyébovg, dokipo
eoprtifovtor pe 600 Kvpiwg TPOTOLS: OlOVEL OTOTIKG 1 SVVOIKE. TNV TPOTN TEPITT®OT, Ol SOKIUEG
TpaypoTorolovvol o unyovy kaborlkdv dokipumy (Universal Testing Machine) kot tpocopoidvouyv v
ePIMTOOT TPOGKPOVONG YAUNANG TayvTNTaG. EmmAéov, yiveton avdmtuén tpocopotdcemy o€ mepifdilov
TENEPUACUEVOV OTOWEIOV LE OKOTO TN HOVIEAOTOINGT TNG KUTAPPELONS TOV KEAVPADV amoppOPoNG

EVEPYELNG, KOOIOTAOVTOG T PO SOKLI®OV 1] TPOTOTOHTOV O LLOTOC LT OTOPAiTITN.

[Tépa amd v avtokivynToflopunyavia, Ta KEAOQN AToppOPNONG EVEPYELNG PPIoKOVY ETIONG EPOUPLLOYN OTIS
G1ONPOSPOLUIKES KOl VOUTIKES LETAPOPES, GTNV OEPOSIAGTIILIKT Kol AptuvTIKY Bropnyoavio kabdg emiong kot

oe o TAN0opa meputtdcev Bropnyovikng aceaieiag (industrial safety).

Ta keAdEN amoppoENoNG evEPYELNS TOV KATAUOKELALOVTOL amd eVioyVUEVO TOALUEPT HE Tveg avBpaxa
(carbon fiber reinforced polymers - CFRP) cuvévalovv pikpd Bapoc pe eEapetikég pnyavikég WtoTnTeg.
To ppd Papog eivar pio 1W10TEPO ONUOVTIKT TOPAUETPOG ENEWDT, OGO O ELOPPD gival To KEALPOG
aTOPPOPNONG EVEPYELNG, KOl GUVETMG TO TPOXOPOPO OYNUA, TOGO UEIDVETOL 1] KATAVAAWDOT KOVGIHOV,
odnydvtog oty £kivon Aydtepmv ekmopndv CO2 Kot AOOV PLTAVI®OV TNG ATUOCPALPAS, OTMS T AEPLOL
NOx kot SOy, Ta omoia eivar Pacikol Tapdyovteg Tov eovopévov tov Beppoknmiov, g 6Evng Ppoyng Kot
TOV PAOTOYN KOV VEPOVG. Emiong, To pikpd Papog Tov KEALPOV amoppOPNoNG EVEPYELNG NAEKTPOKIVIT®V

N VBPIKOV OYNUAT®V GUVTELEL GTIV EEOIKOVOUNGT) EVEPYELNS OUTMV.

Bipiroypaguci) avaokonnon

A76 T dexoetia Tov 1960, 1 acpdrela TV oynuUaTOY Apyloe va Aaupaveton vdyn oe ueyaio Pabud amd
TIG avToKvnToPlopnyavieg, evod v id1a mepiodo Eekivnoe 1 Epeuva GYETIKA LLE TO KEADON aoppdPNnoNg

evépyelag. Me v TapéAELOT| TOV SEKAETIOV, KEADPTN SL0QOP®V YEDUETPLOV Kol VAIKAOV Eyovv pehetndet.

Apyikd, M HEAETN TNG CLUTEPLPOPAS Kol KATAPPEVLGTC TMV KEAVPOV amoppopnong evEPYELNG DempnTikn
(Alexander, Pugsley, Abramowicz, Wierzbicki), evd tig dexaetiec tov 1980 ko 1990 ta Bewpntikd

povtéla, amodeiytnkay welpoapotikd ond tov Abramowicz kot tov Jones. O MEpoing Kol o1 GUVEPYATEG
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0V [4], T0 1996, gpevvnoov T OTOTIKY KOl SUVOIKY OEOVIKY KOTAPPELOT) AETTOTOY®MV GOANVOV
TETPOAYOVIKNG O0TOUNG KATOoKELAOUEVOVY amd vaiovnua. Emiong, ([5],[6]) de&nyayav mepduata pe
oKOTO TN d1EPELVIION T®V deIKTOV a&loAdynong Aertotoyywv CFRP kelvpmv amoppdenong evépyelag vid
afovikn ototikn] kol duvoukn @option (swove 3.1). Ot Huang xow Wang [7] mpaypatonoincov
opOUNTIKEG KOl TEWPUUATIKEG HEAETEG OYETIKE UE TNV 0EOVIKY] CUUTEPLPOPE TV GUVOET®V KEALQ®OV
amoppOPNONG EVEPYELNG, EVD 0 MALOANG KO 01 GUVEPYATES TOV [8] avERTLENY £Val LOVTEAD TTETEPACUEVAOV
OTOEI®V Y10 TN OTOTIKN KOl SUVOIKY a&OVIKT KATAPPEVST TOV KEAVP®V amoppopnong evépyelag. O
Bambach ka1 o1 cuvepydteg tov [9] pelétoov tetpaymvikng datoung vppdikovg coiveg CFRP pe
x6AvBo vo afovikn tpdokpovot. O MApaAng Kot ot cuvePYATeG TOV [2] ErEKTEWVAV TNV £PEVLVA TOVG GE
AemtdToryo dokipie opBoy®VIKNG SATOUNG EVIOYLVUEVOV LE QAOVUIVIO 1 TOALUEPIKO aepd. Axoun, o
Obradovic pe tovg ouvvepyateg tov [10] depebhvnoav Tov oxedaopd kot TV avOiALeN KEALQOV
ATOPPOPNONG EVEPYELNS OO GUVOETO VKA GE PLETMOMIKT TPOGKPOVGT), VA 0 Zhu pe TOVG GUVEPYATES TOV
[11] perémoov 1660 mEWPOUATIKE OGO KOl VTOAOYIGTIKA TN SUVOTOTNTO OTOPPOPNONG EVEPYELNS
aAovuvEVIoV, cuvBETOV Kal VEPOK®OY dokitiov vid Ao&n eoption (ewova 3.2). O Djamaluddin kot ot
ovvepyateg tov [12], [13] emkevipdOnkay oto Sokiuta KVAWVSPIKAG OL0TOUNG YEUOUEVD UE QPPO OV
vokewtal o€ Ao&n edption, evd o Patel pe tovg cuvepydreg tov [14] pelétmoav eniong v nepintwon
™m¢ Aoéng eoptione. Téhog, o Isaac [15] pelétnoe aplOuntikd v KaTAPPELON AETTOTOY®V SOKILIOY
KUKAIKTG dlaTopng o€ duvapkn Ao&n eoption, Ue v mtpodmapén 1 TV amovcio pOYUNG 6To SOKIHLN Y10,

ToV éAeyyo TG KoTappevong (ewdva 2.3).

Iledio epappoync

H cvvtpurtikn mieioymoio g Epeguvag €xet emikevipmbel oty aovikh eOpTIoT, TapOAO TOL £va LEYEAO
TOGOGTO amd TIG GLYKPOVGELS OYNUATOV €lval TAXYIOUETOMIKES. Xvykekpipéva, upovo to 31,1% twv
LETOTIKOV GLYKPOVGE®V gival TANpwe petomkés [19]. Zvvenme, vrdpyel EXITOKTIKY avaykn yuo v
TEPALTEP® UEAETT] TG CLUTEPUPOPAS KOl KATAPPELGTG TOV KEALPADV OTOPPOPTOTG EVEPYELNS GE GUVONKES

Ao&ng eoptiong.

210%0¢ NG mapoHoas SIMAMUATIKNG epyaciog elvat vo cupufaiel otn pehétn g cvunepipopds towv CFRP
KEALPOV OTOppOPNONG EVEPYELDG OV VIOKEWVTOL 6€ A& POPTIoN. ZVYKEKPUEVA, €XEL OKOMO V.
diepevvioel oe mowo Pobud 1 yovio @optiong emnpedlel TNV KOTAPPELON KOOMG Kol TOVg OeikTeg
a&loloynong (crashworthiness indicators) tov npooavagepfévimv kehvpdv. 17 CFRP dokipto kvAvopiknig

veouetpiog ovumiELovtol olovel - oTaTikd VIO &1 S10POPETIKEG YwViee, TOV Kupaivovtal omd Tig 0° £g Tig
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22°. T'ivetal LOKPOGKOTIKY| KOl GTEPEOGKOTIKY AVAALGT] TOL UNYAVIGHOD KATAPPELOTG KAbE TepimTmong,
vroAoyifovtot ot dgikteg aE10AOYNONG, VD TPAYLLOTOTOLEITAL LOVTEAOTOINGT TNG KATAPPELONG UECH TOV

Tpoypappatog tenepacuévev otoryeiov LS - DYNA.

OcompnTiké Yropadpo

YHvOeto VA ovopdlovtatl To LVAKG OV KoTaokeLAlovtol omd 000 1 TEPIGGOTEPO EMUEPOVG VAIKA, TO
omoia dgv avTidpovv UETOED TOVE Kol SLOQEPOVY MG TPOS TIS WO1OTNTES TOGO PETOED TOVG OGO KOl UE TO
TOPAYOUEVO DAMKO. ATOTEAOVVTOL 0TO TN URTPO KOL TG TVEC, EVD 1) TAPOY®YN KOl KATUOKEVLT TOVG EVOEYETOL
va glvan apketd mepimhokn. Ta cvvBeta vAKE, kon Waitepa o evicyvpéva moAvpepn pe tveg dvBpaka
(CFRPS) ypnoomolodvrat yio TNV KOATOACKELT] KEAVQMV amoppoenong EVEPYELOG, TMV OOV 1) AGTOY oL

umopel va Katnyoplomoinfel cOUP@Va e TPELS S10POPETIKOVS TPOTOVS KATAPPEVONG.

Ta oOvBeta vAKA pmopovv va ta&tvounbodv pe Pacn odpopa kpitiplae. Mo amd T To cvvhoelg
ta&vouncelg eival og vmon, STPOUATIKA 1] KOKK®ON cuvleta. Ta vaddn odvheta ywpilovtal avaroya pe
TOV TPOGOVOTOAOUO TGOV WOV 6€ HOovoOleuhuvTikd kot ToAvdlevduvtikd, HE TO TEAELTOiN TO
neptroufavouv Tig Katyopieg Tmv cuvBétav ue iveg tuyaiag devbuveng, ta mhektd cvvbeta kot To
obvOeta pe tpisopboydvia veavon (Ewova 4.1). Eniong, ot iveg evdg cuvBéton prmopodv va taivounodv

Baocel Tov AdYoL UKOVS TPOG SIAPETPO VoG 6€ GLVEYELS, aoVVEYEG I TPLYiTES.

To VAIKO KATAGKELNG TOV VAV ETIAEYETOL OOTE VO GLUUPAAAEL OTN BEATIOON TOV UNYOVIKOV 1O10TNTOV TNG
unTPag, YU avtd givar emBuuntd to vYNAO HETPO EAAGTIKOTNTOG, 1| VYNAN OVTOYN GE EPEAKLGO, 1] VYNAN
okopyio, N yaunAn yabovpdtnto Ko  yapnAn tokvotnta. Ot iveg kataokevalovrtal gite and avopyova
VAKA (KepapKd, pHETaAA, YOOAL Ko AvOpakac) gite and opyovikd (morvpepn). Ot tveg dvBpaxa, 1 TpdTN
VAN tov onoiwv givor to moAvaxkpviovitpidio (PAN), vreptepoiv AOym g LymANg akopyiog, vYning
AVTOYNG G€ EPEAKLOUO KOL TOV VYNAOD HETPOV EAOCTIKOTNTAG. AOY® TOV TOPATAVE® OTOTEAOVY TNV TILO

oV N emhoyn 6TaY TPOKELTOL Y10 EPAPLOYEG VYNADY OTUITHCEWDV.

O okomdg TG uNTpoag dev gival povo vo TepKAgiel TIg Tveg, dAAG Kol VoL TIG TPOGTUTEVEL OO EVOEXOUEVT|
@Bopa, vo PEATIOVEL TIC UNYOVIKT AVTOYH TOL GOVOETOL VALKOD KO VO LETAPEPEL TO ACKOVLEVO (POPTIO OTIG
tveg. Emiong, eumodilel v avamruén kot v eEdnioon poypdv. To emBountd yopokTnploTikd g
unTpag givail n avroyn, N (oxetikn) gukopyio Ko n oAkydTTo. Elvor moAd onpovtikd to vAkd Kot ot
npoavapepBeiceg 1010TNTES TNG UATPOS VO Evol CUUPATH PE To AVTIGTOLYN TOV VAV, OGTE TO TAPAYOUEVO

obvheto VAIKO vo glvonl KATGAANAO Yoo €QOPUOYEG VYNAGV amortoewv. Ov untpeg yopilovioal og
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OPYAVIKEG, UETOAAIKEG KOl KEPOUIKES, UE TIC TPOTES Vo yopilovial Tepattépw o€ OepUOTAACTIKES Kot
BeppookAnpuvopevec. Ov Bepuookinpovopeves punitpeg yopaktmpifovior amd MOAD KOAEG UNYOVIKEG

WO10TNTESG KO GE OVTEG AVITKOVY Ol UTPEG TOAVEGTEPQ, O ELOEUKEG KOl OL POVOAIKEC.

Yuvnbog T cUVBETO VAIKA TOV Y¥PNGILOTOOVVTAL G EQAPLOYEG VYNADY OTUITCE®MY EVaL 6T HOPON|
vooopdtov. Tavepdopata yopilovtol oe povodievbuvtucd kou mhektd. H migioynoeio tov vav g TpmTng
Katnyopiag ekteiveTon Tpog v idta dievbuveon, N omoia eivar cuvnbmg 0°, 90° adhmg 45° (Ewkdva 4.2). Ta
LOVOJIELOVVTIKA VEAGUOTO YopoKTNPilovTal amd Ko avtoyf otn Kopla devbuven, aAld yaunin otnv
GAAN. ‘Evag peydioc aptBpdg epoproymv oTig omoieg yivetal ypfor cOVOET®V VMKOV 0mottel T0 DOUGHLO
va mepthapPdvel iveg o mepiocdtepeg amd pia devbovoelg, cuvinbmg 0° kot 90°. Ta miektd vedouaTo
KOTOOKELALOVTOL LLE SLLOTAVPWOT) TOV VAV TV givar KAOETES LETAED TOVG COUPMOVA UE EVO CUYKEKPULEVO
potifo mAéEng, o omoio kaBopilel TNV EANGTIKOTNTO TOV VOAGUOTOC, TNV OUOAOTNTO TNG TOPAYOUEVNC
EMQAveLOG Kot T oTofepdTTd Tov. Mepikd evpimg Ypnolomolodueve pnotifa mAEENG eival €€ng: plain

weave, twill weave (Ewkova 4.3), satin weave, basket weave, leno weave ka1 mock leno weave.

O atéleleg evog oOvOeTOL VAIKOL oynuatilovial €ite KATé TNV KATAGKELT QLTOV €T KATA TN EQOPLOYN
TOV. XTOVC O CNUOVTIKOVG TOTOVE ATEAEIDV, TOV EUEOVILOVTUL OVAUESH OTIS GTPMOGELG TOV VAIKOD Kot
ONUovpyodVTOL KATO TNV KOTOGKELN TOV, KOTOTAGGOVIOL TO KEVA, TO €yKAglopato, KobBMG Kot 1M
AavBacpévn devbuvon Tov eV Kol ot TEPOYES e Tepiooela N EAAelyn mocotnTag pntiving. Ta xopla
elattopate wov eueovifovior Kotd TV €pappoyn Tov oHvleTmv VAIKOV gival 1 amokOAAN oM

(delamination), n kKauym TOV WOV Kot 01 pOYUEG TTOV AVOTTOGGOVTIOL GTNV UNTPA.

Yrdpyer peydin mowihia pebddwv popeomoinong twv ocbvletov vikdv. H gmioyn tng xotdAAning
e€apTaTal amd TO VAIKO Kol TNV EQOPLOYN Yo TNV oTtoia TpoopileTal 1 mapayouevT Kotaokent]. Ot iveg Kat
N unTpa cvvnbwg evavovtotl petad Toug LEC® BEpUOTNTOG 1 KATAAANANG YNUKNG avTiIdpaonG, LE OKOTO
T onovpyia pog dkauntng katackevng. Ot mepiocdTepeg nébodot mepthapufdvoov avolytd M KAEIGTO
KOAOVTL S10pOpP®SNG. AVO amhég Kot evpeéms ypnoipomolovpeveg HéBodotl avorytoh karovmol eivor 1
emiotpoon pe 1o yépt (Ewdva 4.4) kol 1 eniotpoon pe yekaopd tov wov (Ewova 4.5). Ztig peboddovg
KAEOTNG UNTPOG GLYKATAAEYOVTOL 1) poppomoineom ev keved (Ewdva 4.6), n onoia eivor Kot 1) o cuviong
néBodog avTNg NG Katnyopiog, Kol ot Sdpopes TeEXVIKEG YOTELONG Ue peTaeopd pnrivig (Ewova 4.7).
Emiong, to owipiopo 10V TEMKOV TPOIOVI®OV €Yl HEYAAN ONUACIK, TPOKEWEVOL VO OTOKTNGEL N

TOPUYOUEVT] KUTAGKELT TEPALTEP® YOPUKTNPLOTIKA KO 1OOTNTEG.

O oK0mOG TOV ATOPPOPNTMV EVEPYELNG ELVOL VO TEPLOPIGEL TNV KIVNTIKT EVEPYELD OV Ba petapepBel oTovg
emPdreg /Kol T0 QOPTIO €VOG OYNUATOG, OTNV TEPimT®ON mpdcskpovong. [Iépa amd tovg omoppoPnTég

eVEPYELOG 01 OTTOT01 £X0VV TN LOPPN KEAVQDOV COANVOEIOOVG HOPPNG, OLATAEELS TTOV £YOVV TOV 1010 OKOTO
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glval To Qv Kol To KAT® HEPOS TOV TAOLGIOL TOV UTPOCTIVOY HEPOVS VOGS OxNULaTOS. 'Evag anoppopnTnig
EVEPYELNG TPEMEL VO EYEL TNV KOVOTNTA VO, 0vTEEEL TO PEYLoTO PopTio mov Ba acknBel amd T oTiyun g
TPOCKPOVOTG, EVD TOPUUOPPAOVETOL TANCTIKA. Otav TPOKETOL Y10 KEADPN OTOPPOPNONG EVEPYELNG
KOTOOKELOGUEVO ATTO OVOPOKOVILOTO, 1) EVEPYELDL ATTOPPOPEITAL LEGH UNYOVICU®Y OTMG 1| OTOKOAATGN

TOV OTPOGEMY, 1 Opavon TV oV Kot 1) Vapén Kot S1ddoon pOyUOY 6T UTP.

H xotdppevon tov keALQOV amoppdPnong evépyelag pumopel va dtonpedel og dvo pépn: oty évapén g
Kkatdppevong kat oty e£EMEN g, Ot unyovicpol avtictacng, 6Tovg 0moiovug GVYKATOAEYOVTAL 1) TPPT
KoL 1 avanTuén pKkpopoyU®V, ennpedlovy cg peydio Babud v KavdTTo amoppoOeNoNG EVEPYELNG. XTO
OTOTIKA TECT M TPPY €lval 0 KVOPLOG UNYOVIcUOS amoppoenong evépyelag, pe to 50% tng evépyslag va
dayéetar ¢ TPPT TOL AVATTOGGETOL LEGM SOPOPMV LINYAVIGUDV TOV AAUBAVOLV YDPO GTO VAIKO 1| OTHV
EMPAVELD ETOENG HETAED TAGKOG Kol KeEAVPoVS. To poptio mov ackeiton Katd TV TPOSKPOLGT gival TOAD
OTUOVTIKO VO PTAGEL TNV T TOV (opTiov Tov oyetiletan e v évapén Tng TAUGTIKNG TOPOUOPP®CTS,
O10TL JLOPOPETIKA TO KEAVPOG amoppOPNONG eVEPYEWS OKOAOVOEL EAAOTIKT cLUmeEPLPOopd, dpo Oev
amoppoPd evépyela Kot pmopel va tpoxkAnBodv tpavpoticpol kot @Bopég 6toug EmPBATES Kot TO POPTIO EVOG
oynratog avtiotorya. O KOpog unyavicpds aotoyiog efval 1 EKTETAUEVI] AVATTUEN WIKPOPWYUMOV, TOV
e€aptaTor v TOAAOIg amd TIC tveg, TN UTPa, Kot T Olemaen avtdv. MOAS acknBel poptio 610 KEALQOG,
WIKPES POYUES OVALEST GTIG GTPMGELS TOL LAMKOD 0pyilovV Vo avorTTGGOVTOL, UE OTOTELECIO VO EEKIVAEL
N tomiky aotoyio. Ot mpoavapepbeicec poyuéc, pali pe tn Opadon tov deopumdv otpdoemv (lamina
bundles), 0dnyoOv 610V TPOGAOPIGHO TOL TPOTOL KaTAPPeELSNG. Ot KVPLOL TPOTOL HEOVIKNG KATAPPELGTG

glvan Tpets.

O mpwrtoc Tpdémog eivor n mpoodevtiky cvuvOiym (progressive crashing - mode 1). Aéyston alAidg
Kotappevon «povitapovy (mushrooming collapse), Aoym g yapakTNPIOTIKAG HOPPNS OV OTOKTA TO
KEAMDPOG TOV AGTOYEL. ZTO TOAD apYLKE GTAdKL TG KATAPPELONG, TO KEAVPOGS YopaKTnpileTal amd EAACTIKN
CLUTEPIPOPA, PEYPL VO EMTEVYDEL TO HEYIOTO POPTIO. TTO EMOUEVE GTASIOL, OVOTTOGGOVTOL GLUVEYT POAA
OTPOCEMY EITE TPOC TO ECAOTEPIKO €iTE TO EEMTEPIKO TOL KEADPOLS. Ta pUALL OV e€amAdvovVTOL YOP® 0o
TO KEALPOG OVOTTTOCCOVY AEOVIKEG POYUES, EVE OKOUN TEPLEAICCOVTOL TPOG T KAT®, 0G0 eEgAiooeTon M
katdppevon. Oco apopd Ta KEAOPN OmoppOPNONG EVEPYELNS TETPAYMVIKNG OLTOUNG, LEYOAEG pOYUEG
avanthooovtal o€ Kabe yovia Ady® NG LYNANG CLYKEVTIPOONG TAGEMV GTO GUYKEKPIUEVE oNuEia. ZTa
KEADQTN OTOPPOPNONG EVEPYELNG KUKAIKNG OOTOUNG OVOTTUGGETOL O KEVIPIKT] POYUN GTO UEGO TOV
ThXOVE TOL KEADPOVG, LLE OMOTEAEGLLO TOL QUAAC GTPOCEWDY OV TEPIEMOGOVTOL ECOTEPIKE KO EEMTEPIKAL
TOV KEADPOVG Vo £x0VV T0 1010 hyos. Emionc, apotov o1 déopeg Tv otpdsemv apyilovv va cvumiélovrol
kot e€autiog TG avOTTLGGOUEVNC TPIPNG OVAUESH GE QVTEG KOL OTNV TAGKO TOL OOKEL TO QopTio,

Opavcpata vAkoy oynuatiCovy pia tpryoviky cenve (debris wedge) (Ewova 4.8). H cuveyng eoption €xet
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®¢ eEMaKOA0VOO TNV GLYKEVTIPMON TACEMV GTa AKpa TG Tpoavapepbeicas cenvag, n omoio SlEIGOVEL GTO
VAKO TOV KEADPOVG, e AmOTELESUA 1] avTioTOoT] TPPNG TOL avATTOGOETAL VoL 001 el 6TV eEdmAlmon g
poyunc. H kevipikn poyun dev emnmpedletor amd 10 GUVOMKO UAKOG TOV KEAVPOVG. O GUYKEKPIUEVOG
TPOTOC KOTAPPELONG €lval 0 o emtBountodc, d10TL 1 Katdppevon eival M 7o otabepr] KOl OPOAT, EVAD
oyetileTol Le VYNAN omoppPOENCT EVEPYELNS, EEAUTIOG TMV UNYOUVICU®Y TOV ava@EPONKAY TapaTdve, Le

KUPLOTEPO TNV AVATTLEY LKPOPWYUDV.

O dedtepoc TpOMOG eival KATAGTPOPIKY Katdppevon péom yabvpne Opavong (brittle failure - mode 11). H
aVATTTUEN TOV POYLOV EEKIVAEL TEPITOV GTO PHECH TOV VYOVE TOV KEAD(POVG KO EIVOL ATOTEAEGLLOL IOYLPDV
SLTUNTIKOV TACEWV, HEXPL TO KEAVQOC Vo 0dNyNOel 6e amdTOUN KATAGTPOPIKT KATAPPELST. ZuviBmg
ovpPaivel oe keAOEN peyYaADTEPOL VWYOUG, EVED T KATAGTPOPIKY QUOT| TNG KOTAPPELGNG CLVETAYETOL

YOUNAT ©G LETPLOL IKOVOTNTA OTOPPOPNOTG EVEPYELOG.

O 1pitog 1pdTOG KaTdppevoNg givor 1 Tpoodevtiky avadinAwon evog keAbpovg (progressive folding - mode
). ZyetiCeton pe pérpa kovoTTo OmMOPPOENONG EVEPYELNG, €V M Katdppevon Ovpilel avt) evog
petaAlikov kehvpove. E&attiog tov poyudv mov avamtiooovtal, T0 KEAVPOG DOIGTOTOL TOTIKO AVYIoUO,

LE OTOTELEGLO VO, OT)LLOVPYOVVTAL TTUXDOELS VAIKOD KaBdS aokeiton To OAmtikd @oprio.

O tpdTmog cHUEmVa e Tov omoio Ba kKatappevoel Eva KEAVQEOG oyeTiletan pe o TANBmpa TopapéTpmy,
GUUTEPTAOUPOVOUEV®Y TOL VAIKOD KOl TOV 110THTOV TOV (YEOUETPIO, 1010TNTEG KAl YOPOKTNPICTIKG VDV,
SOTPOUATOONG KOl UNTPAG), KOOMG Kol TS SOKIUNG KOl TOV TUPAUETPOV TNG GTNV 0010 VITOKELTL
(tayvmra, Beppokpacia). To péyioto poptio e&aptdtar omd 10 TAYXOC TOV KEADPOVG, TN HECT] OLAUETPO
aVToY Ko TV VIapén 1 Oyt unyaviopod Tov va vepyomotel kat vo kabodnyei v katdppevon (triggering).
To péyioto @optio dev emnpedlel T0 HEGO POPTIO Kol TNV omoppoPnor evépyelag. To péco @optio

e€aptaTol amd To PNKOG TOL KEADPOLG TTOL BpaveTat.

H xopmdAn tov @optiov - petatdmiong omoteheitor ond tpelg {dveg, 660V apopd ToV TPAOTO TPOTO
katdppevons. H mpmtn givon n ehaotikn meproyn, péxpt va emtevydel to péyioto goptio. H devtepn givan
n {dvn kotappevong (crush zone), 6mov N kopmOAN Srokvpaivetot Yop® amd o péon T, H tpitn eivon
n weployn cvpmdkvoong (densitification zone), 6mov Loyw tov Opavouévov vAKOD mov éxet palevtel Kot

GLUTLESTEL HEGO, GTO KEALPOGC, TO POPTiO givar avEnpévo.

Yy mepintwon e Ao&Ng OPTIoNG, LEPOS TOV KEADPOVG VITOKEITOL KALYT KOl CUVETMS O GUVEIGQEPEL
OGNV TAAGTIKY TOV TOPAUOPPOOT), LE ATOTEALEGILOL VOL ATTOPPOPATOL LLKPOTEPT TOGOTNTA EVEPYELNG Ol OTL

TNV aEOVIKT] POPTIOT, EVA TO UEYIGTO POPTiO glval emiong KPOTEPO.
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H a&oidynon mg anotehespatikdtnrag evog KEADQOVS amoppOeNoNG EVEPYELNS YIVETOL LECH OEKTMV

(crashworthiness indicators), ot omoiot Tapovctdoviot TapoKAT®:

To péyoto @oprtio (Peak Crashing Force - PCF) eivor 1 uéytom tiunq tov 0oKoOUEVOD 6TO KEALPOG

@opTiov, Kot 0 HOVOG Ol TOL AdpPAaveTot AUESA amd TO S1AYPALLLO OPTIOV - LETOTOTIONG.
To péoo poptio (Mean Crashing Force - MCF) oygtiletal 6teva pe TV IKavOTNTo 0IToppOPnoNG EVEPYELNG
(Absorbed Energy - AE) kot vroloyileton og:

MCF—AE
T d

Omnov d n Topapudpemon Tov KEALPOUG,.

H amoppdéenon evépyelag vroroyileTar @g 1 mwEPLOYXN KAT® amd TNV KAUTOAT QOPTIOV - HETATOTIONG OG;
dmax
AE = f P dA
0

Omov P 10 @optio, A N mapapdpemon Kot Amax 1 LEYIGTI TOPAUOPP®GCT] TOV KEADPOVG.

H 181k amoppoégnon evépyetag (Specific Energy Absorption - SEA) givor 1 evépyela mov amoppoPeitar
Swopepévn pe ™ palo M tov KeAOEOLg mov €xel katappevcel. Oco peyolvtepn eivor 1 T Tov

GLYKEKPIUEVOD OEIKTT, TOGO 010 ATOSOTIKOG EIVOL O ATTOPPOPNTHG EVEPYELQGS.

AE
SEA = —
m
H andédoon g duvaung katappevong (Crash Force Efficiency - CFE) eivar o Adyog tov pésov goprtiov

TPOG TO HEYIGTO POPTIO TOL KEAVPOLG,

Eivai emBopntd 1 1y tov cuyKekpluévou deiktn vo eivar Kovtd ot Hovado, S10TL 0uTO GUVETAYETUL OTL
M TR TOL UEGOV POPTIOV lvar KOVTA GTNV T TOV HEYIGTOV, KATL TOL GYETILETOL e LUKPOTEPES OAAYEC
omv emPpadvvon mov veiotavtol ot eMPATEG Kol TO QOPTIO €VOG OYNUOTOG KATA TN JIUPKELN HL0G
npdokpovonc. O deiktmg opotoyévelog goptiov (Load Uniformity - LU) eivon ovcroctikd 1 avtictpoen

avaioyio tov CFE.

y _ FPCF

~ MCF
( ]
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Hewpapatu) dwedikacio

H mepapatikn dwudkacio propel va yopiotel o€ tpio okéAn. To mpdTo gival 0 KaBOPIGHOG TS AVTOYNG
0€ EPEAKVLGO TOV LAKOV TmV doKipimv. To deutepo okEAOG vl 1 GUUTIEST TOV KLAVOPIKAOV SOKILIMV.
17 dokiua vrdkewtal oe POPTION VIO YwVio ToV Kupaiveton omd 0° wg 22°. To tpito okEAOG eivar 1 peAén

TOV OTOTEAEGUATOV Kal 1 eE0y®YN CLUUTEPUCUATOV.

INo ™ dieCaymyn TV mepapdtov ypnouonomdnke unyavny kaboikmv dokipmv (Instron Universal
Testing Machine 4482). Ta mpoavapepbévia 17 kvlvdpikd dokipa mpoékvyov omd v Komh 600
coMvov, ufkovg 1000 mm, katackevaouévov arnd CFRP, Tov omoiov 1 eEmteptkn oTpdomn gival TAEKTH
2 x 2 twill, n pqtpa givar emo&ikn pntivn ko 1 dievbvven tov wav (0, 90). Ta mapayduevo KOAVEPIKA
dokipa £yovv punrog 100 mm. Mépog Tov mEPIGGEVOVUEVOD DAIKOD ¥PNCILOTONONKE Y10 TV TAPOy®YN
POV SOKIUIOV OOKTUAIOED0VC KLALVOPIKNG YempeTpiog Topéa, He okomd va vrnoPfAnbodv ce 1e0T
EPEAKLGLOV, OOTE Vo vroloywoBel M avtoyn oe epeikvond (Ewodva 5.1). To pikog tov dokipiov
eperkvopov givar 87,185 mm, evd ot daotdoelg Tovg moapovstalovior otov [livaka 1. To unkog t@v
dokiov Tov eperkdeTal, dnAadn mov dev Ppioketan ot apmdyes, eivar SO MM Kot 1 ToLTNTO TNG
KWOOUEWC v mAdikag Tng KaBoMKAS pnyovig dokiudy givar 5 mm/min. Ola ta Sokiuia aotdyncoy 61o
v onuelo opmayng Tovg, Onwg eaivetar oty ewove 5.2. Ot gwodveg 5.6 - 5.11 mapovsialovv Ta
SLypAULULATO POPTIOV - LETATOMIONG KOl EPEAKVOTIKNG TAGTS - Tapapopemong. [apatnpeitor 6T 1 popen
TOV TPOAVOIQEPHEVTOV KOUTOA®Y glval 1 avapevouevn, e&attiag e yabvpng eueng mov yopaxtnpilel o
avBpaxoviipota. H xopumdAn omotedeiton amd o evbeion ypouun, n kAion g onoiag airdalel o éva
onueio, uéypt 1o onueio Bpavonc. To mpoavapepbév onueio, N Yovato, BpickeTol TPOTOL 1) TOPALOPPDOT)
tov dokipiov Eenepdoet ta 0.5 mm. Ta Saypdupato @optiov - HETATOMIONG KOl TAGTG - TUPOLOPPOONG
€VOG 6UVOETOV VAIKOD TPOEPYOVTAL OO TOV GUVOVAGHO TV OVTICTOLYMV SoyPALULATOV Yl TIG Tves Kot T
untpa. To onpeio mov mapovoidletar 1o yovato eivol ovclaotikd o onueio 6mov 1 untpa apyilel va
TOPALO PPDVETAL TAACTIKE, KAODE 01 TPDTEG POYUES EXOVV OPYIGEL VO AVATTOGGOVTOL 6TO VAIKS. Ot TYEC
TOV POPTIOV, TNG TACTG KO TNG TAPAUOPPMOTS Yio KABe dokipio 610 onpeio Tov yovatov Ttapovstalovtat
otov Tivaka 2. H avtoyn og epeAkuopd vroloyileTor oG 0 AOY0g TOL HEYIGTOL POPTIOV TOL ACKEITAL GTO
doxkipo kot 0dnyel 6t Bpaven Tov TPog 1o EUPadO SakTLAI0EW0US TopéN 6To 0moio aokeital. Ot TIpég Tng
UEYIOTNG EPEAKVOTIKNG TAGTG OV TPOKVTTOVY Y1 KAOe doKipo mapovctdlovtal avaAvTIKG GTOV Tivoka

3, evd 1 péon Tiun toovton pe 1066,6 MPa.
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2 ovvéyeln, YIVETOL 1 OLUMIESN TOV KLAMVOPIK®OV OSOKY®MY, TO YOPUKINPLIOTIKE TOV OTOoimV
napovoidfovror otov mivaka 4. Ta 17 doxipa yopilovtar og mévte opadeg TOV TPLOV Kot pio opdda Tmv
dvo dokipiov. Ta tpio doxipia TG TPOTNG OUASAG VIOKEIVTOL GE O1O0VEL - OTATIKT 0EOVIKT] GUUTIEST], EVAD
OVTA TOV VTOAOITOV OUAS®OY VITOKEWVTOL GE OLOVEL - oTaTIKn AoEN cvumieon vd yovia 3°, 7°, 12°, 17° 7
22°. Tlpoxeévou va emrtevyfel n embount yovia, pio €1dkn Pacn €xel kataokevootel (Ewova 5.12),
™G omoiog 0 SAKTOALOG GLYKPATNOTG TOL dokipiov Exel Dyog 20 mm. H tayvtnta e cvpmieong yio Kabe

dokipo givar 20 mm/min.

IMewpopatikd amoTeEAECHOTE KOl AVAAVOT] CVTAOV

KéBe éva amd ta 17 dokipie vwokertol o€ 010VEL - GTUTIKT GUUTIEST), LLE TN YOVio OPTIONS Vo KupaiveTot
amo 0° wg 22°. Katd ™ S18pKela TG TEWPAUATIKNAG OUdIKOGTNG, TO SEGOUEVA TOV TPOKVLITOLV GYNUOTILOVY
dvo daypdppota. To TpdTO €ival To SLAYPOUUN GOPTIOL - LETATOTIONG KOL TO SEVTEPO TO SLAYPOULLLO TACTG
- mapapopewonc. I'iveton n copfacn 6Tt yuo kéBe doxipo mov vokertat oe Ao&n POPTIoN, TO oNuEio NG
KOPLPTG TOL TTOV EPYETOL TPMTO GE EMOPN LLE TNV TAAKO GLUUTIESTG OVAPEPETAL OC OPLOTEPO ONUELD, EVD
TO OVTIOWUETPIKO TOV (TOV EPYETAL GE EMOPY UE TNV TAAKA GLUTIECTG TEAEVTAIO) AéyeTan 0e&ld onpeio.

AvticToryo ¥pnoonolohvTat o1 6pot aploTePT] Kol de&1d TAEVPE TOV SOKIIOV.

Aokipa vrokeipeva g a&oviki @option (6okipo 1a)

Ta doxipia 1a, 1b ko 1¢ vwokewton og afovikn cvumicon. O TPOTOG KATAPPELONG TOVG EiVaL TPOOSEVTIKN
KATAPPELST, OTMOG QUiVETOL KOl OO TO YOPOKTNPIOTIKO CYNLO HOvITOpLoD oL €Y0ouV doKipo a@ov
actoynoovv (Ewova 6.2). EEmriag g agovikig tov @opTions, To dokipo mapovstdlel ovppetpio otnv
tehkn Tov popon| (Ewova 6.3). To poptio mov ackeitol 6To dokipio 0dnyel ot dNovpyio TOV TPOTOV
poyuov. Kabmg cuveyilel 1 doknon tov @optiov kot 1 avAmTuén Tov poyrov, apyilel vo sueavifetol
OmMOKOAANON HETAED TOV GTPOCEDY TOL VAKOD &VO &ivol UEOVELS ATOKOUUEVES OECHEG OLTOV.
Tavtdoypova oynuatifetor 1 TPIYOVIK] GENIVO 1 OTOoid. CLUVTEAEL OTN ONMOVPYIKL GUVEYDV QUAA®V
OTPOCEMVY, TO OTO10 KAUTTOVTOL TOGO TPOS TO eEMTEPIKO, OGO KOl TPOC TO ECMTEPIKO TOL SOKILiov. TNV
amooylon TV eEMTEPIKA TEPIEMGCOUEVOV OECUDY OTPOCEMY GUVTEAEL KOL 1 AVATTUEN EPEAKVOTIKOV
téoev eEoutiog TG OKTIVIKNG TOVG EMEKTAONC. To LAIKO Tov PaledeETOL GTNV KOPLON TG POYUNS OTNV

omoio, EYEl GYNUATIOTEL N TPLYOVIKY 6QNVa, €ival opatd Euttiog TG OpoOTNTAG TOL UE SOKTOAO OV
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xopilel o GUAAO OTPOCEMV TOV OVOTTOGCOVTOL TPOS TO ECMTEPIKO AmMO OVTO MOV TEPEAICCOVTOL
eEmtepkd Tov dokipiov (Ewodva 6.3). To péyebBoc tmv pOAL®V mov meplericcovtal eEmTepiKd avdveTat
kabng eEehiooetar 1 ovumieon tov dokiiov (Ewoveg 6.1a - h). Emiong, ot déopeg otpdoemv mov
nepledicoovtal eEMTEPIKA TOL SOKLUIOV GYNUATICOVV TO YOPAKTNPIOTIKO GO LOVITOPLo, KaO®g emiong
GUVTIEAOVV otV avénon g avtictaons tpPng petagd tov dokiiov kat e Kivoouevng mAdkag. Ot
OTPACELS TOV VAKOV ival WO1uTépmG AETTEC, Kol 68 GUVOLOCUO He TNV €EEMEN TG AMOKOAANGN S TTOL
Aappaver yopa peta&d toug oA Kot HETAED TOV VAV HLE TN UNTPO, LKPA TUAIOTO TOV VAIKOD 0TOGTOVTOL
TANPOG Ao TO dOKiUI0, EVO TapaTnpeital 0Tl iveg LAKOD TTpoeéyovy amd avtd. Ot SEGUEG GTPMGEMV TOV
KOUTTOVTOL GTO E6MTEPIKO TOL SOKIIOV GLUPAAALOVY TNV ABENGT TG TOGOTNTAG VAIKOV IOV PpickeTal
ekel, odnydvtog oty ovprdkveon (densitification) avtov. Ot dkpeg TV Tpoavapepbiviwy deopmy eivol
eUPaveig 6to ecmTEPKO TOL dokipiov (Ewkdva 6.4). E&attiog tov daktuiiov cuykpdnong, To kKdt® pépog

TOL doKILIOL TaPAULEVEL OTTIKG ABKTO OO T GLUTiEDT).

Ot ewkdveg 6.5 kat 6.6 Tapovstalovy Ta SLoyPALLATO POPTIOL - LETOTOTIONG KO TAOTG - TUPAUOPPDONS
avtiotorya. Ilapatnpeitar 6Tt 10 péyloto goptio emrvyydvetar oxeddv apéowmg petd v évapén g
GUUTIEGNC. XT1] GUVEXELX, 1] TN TOV POPTIOV HEUDVETAL ATOTOLE KO KUHOIVETOL YOP® omd o LECT T,
UEYPL VO YiVEL ELEOVIG Lo oTOdIOKT avENGT Tov. AvaAvTikoTEpa, 0TV apyilel vo ackeital poptio 6To
doxkipto, vdpyel avénon g TNG TOL KabMg To doKiputo aKkoAoVOEl EAUCTIKT GLUUTTEPLPOPE Kot deV EXEL
EEKIVAGEL O OYNUOTIOUOG POYULADV, LEXPL VO EMLTELYOEl N Héylotn T Tov eoptiov. H mpoavagpepbeica
Tun givon 71,6 KN, 86 kKN kot 67,9 KN yia to dokipia 1a, 1b kou 1¢ avtictoya, evd givot to goptio 6mov
T0 VAIKO apyilel Vo TapapopPOVETOL TAACTIKA. ANUIoVpYoHVTOL KOL OVOTTOUGGOVTOL POYLES, KOOMG ETioNg
QOALO GTPOGEDY TOL KAUTTOVTOL, LE amoTELEGHA Vo EEKvE 1] Katdppevon Tov dokipiov. Otav to goptio
OV ACKEITOL PTAGEL TN LLEYIOTY TYN TOV, UTopel va Ttapatnpn el Evag yapakTnpioTikds 0EVS 1X0G, 0 0Toi0g
onpotodotel T dNUIOLPYIL AELOCTUEIMTOV POYU®Y Kol THYV EvapEn TG KaTdppevons Tov dokiiov. Me
v évapén e avanTuEng TOV peYU®OV, 1] OVTIGTACT] TOL SOKLUIOV LEIDOVETL OTOTOLM, OGS KOl TO POPTIO
7OV TOV OoKETAL. AVTH M TEPLOYN TNG KOUTVANG eivan 1 {ovn Katdppevong (Aemtopépeta 6.5.1). Otav to
doxkipo €yel ouumiectel og peydro Pabuod, viko Exel palevtel péca oe avTd PE AMOTEAEGUA VO QVEAVETOL
N OVTIGTOON KOl CUVET®MG TO OTOLTOVUEVO (OPTIO MOV YPELALETOL YO TNV TEPUTEP® GLUTIEGT TOV
(Aemtopépela 6.5.2). H xoumdin téong - mapapdpwong yapaktmpiletor amd mapdpota popern, eEattiog

NG GLGYETIONG LETAED POPTIOV KOl TAOTG.

Aokipia vrokeipeva og AoEN eopTion vté yovia 3° kor 7° (dokipe 2¢ ko 3b)
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Ta doxipo mov vokewvtar oe A& PopTion Vd yovio 3° Kot 7° uropovv va avoivBoldv tavtdypova
e€autiog g TapOUOLIG CVUTEPUPOPAS TOV TOPOLGLALOVV KATH TNV KATAPPELOT Tovg. H Kivovpevn mAdka
EpyeTaL apyIKd o€ TP OYL Le OAN TNV KOPLPT TOV SOKIUIOV, QALY LLE TO APIGTEPO TOV AKPO, EENLTIOG TNG
Mo&Ng tomobétnong avtol (Ewodveg 6.7a kau 6.15a). E&autiag tng pikpng yoviag @Optiong, cOVIOUO
emTUYYGvETOL EMAQT TNG TAdKAG te KGOe onueio g mepipipetog Tov dokipiov (Ewkdveg 6.7b xar 6.15b).
H avéntuén poypov kot 1 amokdAAN oY avartTicooVTal VOPITEPE GTNV 0PLeTEPT] TAELPE TOV dOKIUIOV HE
amoTELECUO VL EEKIVAEL O CYNUATICUOG TEPIEMTCOUEVOV PUAA®V eEMTEPIKA TOV SOKIIOL TPV 1) TAGKO
épOetl og eman] pe 10 6e£10 onueio Tov. Avtd onuaivel 6Tl 1) TPIYOVIKT oPRva EXEL 0N OYNUATIOTEL Ko
avamTOooETal, YOPILovTag TIC OECUEG GTPMGEMY GE OVTEG TOL KAUTTOVTAL TPOG TO eEMTEPIKO KOl OVTEG
OV KAUTTOVTOL TTPOG TO €6MTEPIKO TOL dokipiov. Kabomg eEghicoeTal 1 cupmieon, 10 myog Tov eOAA®Y
oTPOCEMY MOV TEplEMocovTol eEmTEPIKA ToL doKiiov givar peyodvtepo otn de&ld mhevpd tov amd OTL
OTNV QPLOTEPT], OOV TEPICCOTEPES OECUES GTPOCEMV KAUTTOVTOL TPOG TO EMTEPTKO TOL dokipiov (Ewdveg
6.7d - h, 6.15¢C - h, 6.8 ka1 6.16). A&loonueimt eivor 1 GLUTEPIPOPE LI0G FEGUNG GTPDOGEMY TOL SOKIUIOV
3b, n omoia, mMOAVOG AOY® KATOLOL EAATTOUATOC TOL VAKOD TTOL 06NyNoE 6TV TPOWPN dnuovpyia
TEPUPEPELOKNG POYUNG, OEV TEPLEAICOETOL AL KAUMTETAL KOl TPOoeE€ el TPog Ta €€ amd 10 SOKIipLo

(Ewoveg 6.7¢ - d).

H popon tov dokipiov Tov Katéppeuoay EYEL TO YUPOKTNPLOTIKO GYNUA LOVITOPLOD TOV yopoakTtnpilel v
TPOOJEVTIKY] KOTAPPELOT, YWpig Ouwc v vmapEn ocvpuetpiog egoutiag g yoviag @optione. H
wpoavapepheica poper| etvar o epeovig 6N 6518 TAELPA TOV SOKIUI®MVY, AGY® TOV HEeYAALTEPOL apBLLoD
nepleEMocOueEvoy UM ®V, edkd otav mpokertar Yoo Ao @option 7° (Ewodveg 6.8 wxor 6.16). Ta
nepleEAooOpEVa EUALN avEAVOLY TNV avTIGTOCT TPIPNE Kol GUVETMS TO OTALTOVUEVO POPTIO TOV TPETEL VO
aoknBel oto dokipto. H avantuén tov poyudv, E01kd Kotd To TpdTo 6TAdW0 TG GVUTIECTS, GLVOIEVETOL
oamd yopaktnpotikd o0& Myo. Ta dokipa peTd TNV amOUdKPLVGT] TG KIVOOUEVNG TAAKAG TEIVOLV va

anocLUTIEGTOVV EAaPP®G (Ewkdveg 6.10 kou 6.18).

Y11c ekoveg 6.9 kar 6.19 mapompeitan va Exel oyNUATIOTEL VO OaKTOALOG VAIKOD OVAIEST OTIC OEOUES
OTPMGEMY OV KAUTTOVTOL TPOG TO EGMTEPIKO TOV OOKIUIOV KOl QLTEG TOV TEPIEMOGOVTOL EEMTEPIKAL
avtov. [Ipdxertar yio Opvppatomompévo vAKS mov €xel poalevtel oTnv Kopuen g KOHPLIG pOYUNG, GTNV
OTOo10l AVOTTOGGETOL 1] TPLYOVIKY 6p1va. EmmAiéov, Aoy tng amdoyiong Kot onpovpyiog Tov dEcUdY
OTPOCEMY TOV TTEPIEMTGOVTAL EEMTEPIKD, 1) O1E0BVVON TOV WOV KAOE GTPOCNG UToPEl Vo TPOGOLOPIoTEL
(Ewovec 6.12 kot 6.20). Otav omd v dkpn (kotd v akTiviky Katevbuven) e 0écung oTphoemy ivarl
eNQaveic amokoAANLEVeEG tveg mpdkettal yio veacua katevbuvong 90°. Avtifétmg, 6tav 1 Tpoavapepbeica

dxpn eivar pokpookomikd Agio, 1 Korevbovvon tov vav givor 0°.
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Ta daypdppota optiov - petatdmiong yia Tig yovieg Tov 3° kat tov 7° mapovstdlovv TOAAES OLOIOTNTES
(Ewcovec 6.13 xon 6.21). e avtiBeon pe v mepintwon g aEoViknig eOpTIoNg, 1 abENCT] TOL POPTIOL KATA
TO. TPOTO. GTASLOL TNG CLUTIESTG YiveTon oTadKd. Apyikd, TO S0Kipo akoAovdel OAOKANPO ELOGTIKN
CLUTEPLPOPA, HEXPL VO dNUIOVPYN OOV 01 TPMTEG POYUESG, TO CUEID EUPAVIOTG TOV OTTOIMV ATOTVTMVETOL
GTO OAYPOLLLLO G L0 QALY TV KAION TNG KAUTOANG, EVO SIUKVUAVGELS TNE TIUNE TOL GopTiov apyilovv
va yivovtar gpeovelg (Aentopépeleg 6.13.1 kan 6.21.1). 'Enerta, n apiotepn mhevpd Tov dokiiov, 6mov
CYNUOTICTNKOV 01 TPATES POYUES, TOPUUOPPAOVETAL TAAGTIKA, 0AAG TO LITOAOITO dokipo cvveyilel va
yopoktnpiletor omd €AACTIKY] GUUTEPIPOPE. XTAdIOKA, POYUEG OVOTTOGGOVIOL KOl GTNV LTOAOUTN
TEPLPEPELN TOV JOKIUIOD, pEYPL va EEKVIGEL KADE GNUELD TNG VO TOPALOPEOVETAL TAAGTIKA. H meploym
HETAEL TOV ONUEIOV OTTOV TO APLGTEPO AKPO TOL SOKIUIOV apYilel VO TOPALOPPOVETOL TAAGTIKE Kol TOV
onpeiov 6mov N TAAGTIKY TOPALOPE®on Eekivdel Kot 6To 0e&10 akpo amotehel pia peTafoTiKn mEPLOX
(Aemtopépeteg 6.13.2 k01 6.21.2). H mpoavapepbeica petafotikn meproyn pmopet va Bempnbel koppdtt g

{dvNg KoTappeELGNG TOL SOKILIOV.

H {dvn katdppevong apyilet pue v TAACTIKT TAPAUOPP®OGCT) TOV 55100 AKPOV TOV SOKILIO, KOl TEAEUDVEL
otav EEKIVAEL 1 TTEPLOYN GUUTVKVOONG avTod (Aemtopépeleg 6.13.3 kan 6.21.3). H {dvn xotdppevong
Eexvael AMyo apydtepa 6To SoKipIo OV VITOKELTOL G AoEN POpTIoT 7° amnd ekeivo oV N avticToyn yovio
etvan 3°. Avtd eival amoTéAESO TG UEYOADTEPNG YOVIOG (OPTIONG, O10TL GUVETAYETAL OTL 1] KIVOOUEVN
AGka Bo £xel vo dovocel peyadlvtepn amdotacn HEXPL va. £pBet o eman] pe To deE10 AKkpo Tov doKILiov.
H tun tov poptiov g cvykekpiuévng meployng elvar mepinov ion pe ekeiv Tov p€cov Qoptiov, evd
dtokvpaivetor yopm amd po péon tun. Ot dtdpopeg dakvpdvoelg oyetilovror Kupimg pe v avaykn
EMAPPAG 0OENGNC TOL POPTION MG TPOS TNV AVATTLEN POYUDV Kot TNV VIEPPacn TG avtioTaong AOyY® TG
tpPNg, dote va cuveylotel n Katdppevon. H meployn cvopmvkvmong oyetiletal Pe (o GYETIKE amOTouN
avénon Tov PopTiov KaTA Ta TEAEVTAiN 0TAdW TG cvuTieong (Aentouépeteg 6.13.4 ko 6.21.4). H adénon
TOV (POPTIOV TPOKVTTEL OO T1) GLYKEVTIPMOT LUEYAAOV OYKOL VAKOV LEGH GTO EVOTOUEVOV OOKILO, 1] OTTOol

aVEAVEL TNV 0VTIOTAOT) TTOL dEXETOL 1] KIVOOUEVT TAGKA.

Aokipa vrokeipevo 6g Ao&n eopTion viro Yovia 12° ko 17° (dokipa 4¢C kaor 5¢)

Ta, dokipia wov vrdkewtar g Aoén EopTion VIO yovia 12° kot 17° avelvovtal TavTdyYpova, AOY®m TV
OHOLOTHTMV TOVG. LTO OPYIKA GTASLN TNG GUUMIESNC, | KIVOULEVT] TAGKO EPYETOL OE EXAPT TPATU LE TO
aplotepd GKpo Tov ekdotote dokiov (Ewoveg 6.23a ko 6.31a). Kabbg e&ghicogton | cvumieon, poyuég

oynuotifovial 0dNyOVIOG GTNV OOKOAANGT KOl TNV KAUYN T®V OEOUOV OTPOCENV, KOODG Kol
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TEPLEMET €VOG PEPOVG DECUMV OV ekTeivOovTaL TPOG TO eEmTEPIKO TOL dokuiov. Tavtdypova, 1 TAdKa
ocuveyilel va EpyeTal o€ EMAQT LLE TNV VIOAOUTN KOPLPT TOV SOKIIOL, PHEXPL VO apYICEL 1] GUUTIEST KOl TOV
de€lov dxpov (Ewdvec 6.23b o 6.31b), dpa ot M gpedvion TV TPoovaQEPHEVIOV UNYOVICUOV
Katdppevons. AOYm TG Yoviag pOPTIoNG, 01 dECHES OTPDOGEMY oTT de&18 TAEVPE TOV dOKIIOV KAUTTOVTOL
O TOAD amd OTL GTNV APIGTEPT). ZTNV OPLOTEPN TAEVPA Ol OEGUEC OTPMOOEMY KAUTTOVTOL LOVO TPOG TO
€0mTEPKO TOL dokiov. Emiong, ta pOAAa otpdoewv ot 6e&1d mAgvpd TV SoKIi®V KAUTTOVTOL TPOG TO!
¢€m, eppavifovrag Ayn og kaBoAov meptéMér. Mia ehappid TePEMEN eival ELEOVAG KATA T TEAELTOLN
otadw g ovumieonc. Ta @OALY g de€idg TAevpdac emiong £xovv agloonpueimto TAATOC, N OTOKOAAN Y|
TOVG €ivat EvTovr, eved AOY® TG UEYAANC YOVING POPTIGNE TTOL 00N YEL GTNV KAUYT TOVG TOPGAANAL LE TNV
KvoUOpevn TAdko goiveTon va, yopaktnpiloviol amd Evay Tpocavatolopd mpog to mive (Euoveg 6.24 ko
6.32). O1 6é0]1€G OTPOCEMV MOV KAUTTOVTAL TTPOG TO EGOTEPIKO TOL SOKIIOL GLUMIECOVTOL TEPOUITEP® KOl
ev téhet Opovppatonotovvrot. AKOUY, LTopolV va mapatnpndovv ot peyuég Tov oynpatiloviot Kot 0d1nyovv
OTNV ATOCYION TOV QUAA®V TOV OVOTTOGGOVTAL TPOC TO EEMTEPIKO TOL SOKILIOV, £XOVTOC MG ATOTEAEGLOL
TNV 0oKOAAN oM Kot TV Kapym avtdv (Etkdveg 6.26, 6.28, 6.34 kat 6.36). H povadikrn meptéMén decpumv
OTPMGEMY €IVOL EUEOVIG TTEPITOV GTO HEGO UETOED TOV OPLoTEPOL Kot 0e€lov akpoiov onpeiov Tov
dokyiov. 10 aploTePOd GKPO, 1 TPLY®VIKN oOvo oynuatiletal kovid oty e£mTeptkn EMPAVELL TOV
dokyiov mov vVIoKeTol G POPTIoN VIO ywvia 12°, eved de oynuoatifeTor kabOAov 6TO dokKiplo TNg
peyorlutepng yoviag. Avtd eaivetal kol and TG 0EGUEG GTPOCENDY TOV KAUTTOVTOL TPOG TO ECATEPLKO TOV
dokiuiov Twv onoimv N eEmTepikn oTpmdon vedopotog TAEENS twill eivar epgavéc (Eikdveg 6.26 kot 6.34).
Avtictotya, 660 Mo Kovtd gival £va onpeio 61o 4e&16 dipo Tov oKL, 1] TPLYOVIKT o va oynuatifeTot
OAO KO TTLO KOVTA GTNV ECMOTEPIKT EMPAVELX QVTOV, LEYPLG OTOL TAVEL VO, VITAPYEL, OTMG THAVOV cupPaivet
YloL TO SOKIMIO TOV VIOKELTAL GE POPTIOT LG Yvia 17°, 6TO 0moi0 1 KAUYT TV dECUDYV OTPMOCEWMY Eival

Wuitepa Evtovn.

Ta VA0 oTpdoE®Y TOL KAUTTOVTIOL EEMTEPIKE TOV SOKIUIOL TTAPEYOVLV TANPOPOPIEG GYETIKA LE TN
devbuvon tov vav Tov otpdceny vAkod (Ewdveg 6.28 kot 6.36). Onwg avapépOnke Kot Tapandvo,
otav 1 dKpn TOV dECUADV OTPMOCGE®V £ivarl Agia, TOTE 01 tveg Exouvv dievBuvon 0°. Avtifeta, otny mepinTtmon
nov poe&éyovv iveg, N dievbuveon gival 90°. MeleTmdvTag TIG EIKOVESG TV SOKIUIMV OV £Y0VV VITooTEL Ao&N
(OPTION KoL [LE BAOT) TNV TOPATAVE® TAPATIPNOT), EEAYETOL TO GUUTEPAGLA OTL LOVO 1) EEMTEPIKT GTPMOGN
TOL VAKOV yopaktnpiletor and mAEEN twill, kabdc oleg o1 GAleg otpdoelg givar povodievbuvtikés. To
OYNUO LOVITOPLOD 7OV YOpoKTNPIlel Ta doKipa Tov £XOVV KATUPPEVGEL GOUP®VO UE TOV TPOTO TNG
TPOOJEVTIKNG KOTAPPELGTG OEV EIVaL TOGO EUPAVES AOY® TNG LEYAANC Y®VING POPTIONC, TAPOAO TOV LEPTKA
QUM OTPDOGE®V TTEPlEAicGOVTAL EEMTEPIKG TOV SOKILIOV KOl 1) GUVOAIKT| LOPPT| TAPOVGIALEL OHOIOTNTES

(Ewoveg 6.24 ko 6.32).

178

—
| —



Onwg kot mponyovpévag, ta darypdppata eoptiov - petatomiong (Ewdveg 6.29 ko 6.37) pmopovv va
Y®p1oToVV og técoepig {dves. H mpdtn elvar n meptoyr| 6Tov 10 GHVOAO ToL dokipiov akolovdel EAacTIKN
ocoumeppopd. H kapmdin tov poptiov avédvetar amdtoua, PEXpl To onueio 6mov aAralel 1 Khion g, VA
dokvpdveelg oe oty apyilovv va yivovtor eppaveig (Aemtopépeleg 6.29.1 ko 6.37.1). To onueio avtod
OVTIGTOLXEL BTNV AVATTTVEN TV TPOTOV poYL®OV. H debtepn meployn elval n petafotikn, 0mov £xetl apyioet
1 TAUGTIKT TOPALOPPMCT| GTO OPIOTEPO LEPOG TNG TEPLPEPELNG TOV doKiiov. Ot pmyuég mov gvbvvovtal
YU o] 6TAO0KG OVOTTOGGOVTIOL GE GNUEID OAOKANPNG TNG TEPLPEPELNG, UEXPL 1] KIVOVUEVT] TAGKO VoL
épBet o€ emapn pe 1o 5e€10 dKpo Tov SOKIIOL Kal Vo Onutovpyndodv peyués, apa va EEKIVIGEL 1] TANGTIKN
Topapdpemon, kot ekel (Aemtopépeteg 6.29.2 kan 6.27.2). H 1pitn mepoyn sivar n {dvn katappevong
(Aemtopépeteg 6.29.3 kot 6.37.3). Ot poypég Kot 01 VIOAOITOL UNYOVIGHOT KOTAPPEVONG AVATTOGGOVTAL,
eV 1M KaTdppevoT Tov dokiiov cvveyilel va veiotatat. H tiun tov goptiov daxvpaiveror yopm arnd pio
péon tiun. H meproyn ovpmixvoong avtiotoryel og e adEnon tov goptiov mpog to T€A0G TG GuUTiEsNG,
TapOAo OV N cuuieon Tov dvo eetalduevav dokiinv Erape TéAog Tpv apyicetl va avdvetol Wtaitepa

1 Tn Tov eoptiov (Aemtopépeteg 6.29.4 ko 6.37.4).

Aokipa vrokeipevo 6 Aok popTIon V7o Yovia 22° (dokipto 6b)

H peyoivtepn yovia katd tnv omoio Ta dokipio vwokewtol o Ao&n @oOpTion eivor 22°. O kvplog
UNYoVIopog actoyiog eivol n KAUYn ToV 0ECUMY GTPOCEDV, eved 1 TEPEMEN ovtdv e£MTEPIKE TOL
dokiuiov gival Wautépmg pepovopévn (Ewkoveg 6.39a - h). O déouec 6TpdOEDY TG aPLoTEPNC TAEVPES
Tov doKliov vmdkewTow HOVo oe KApyn mpog to deEd. H popen tov dokiiov mov €xel vmootel
KOTAPPELGT TOUPOVCIALEL TIG OEGES OTPDOGEWV TNG OeEAC TAELPAG Vo ExouV KOTEVBVVOT TPOG TA TAV®
(Ewdva 6.40). Avto givor amotéLeopa TG LEYGANG YOVIaG pOPTIONG, EVO KATA TN SLOPKELN TG CLUTIESTG

ol wpoavapepheiceg déopeg KAumTTOVTAL TAPAAANAQ TPOG TNV Kivovuevn mAdka (Ewkdva 6.43).

Av Kot T0 oypuo TOv JoKIiov mov €xel koTappevoel O Bvpilel avtd Tov paviTaPOV, VIEPYOLV
YOPOKTNPIOTIKA TNG TPOOJEVTIKNG KOTAPPELONG. Eilval epuoavi] cuveydpeva goAAo GTPOGEWDY, To OTOl
€Yovv LVIOGTEL KAPYN, KOOGS Kol 1 AvaTTLEN UNYAVICUOV acToyiog OnwMe poyuég Kot amokdAinon. H
UEYOADTEPT pOYUN TOL doKIiov €xel oynuotiotel ot 0e&d mhevpd avtod (Ewova 6.44). A&ilel va
onuewmbel 6TL N peydAn yovia @OpTIoNG Elxe OC AMOTEAEGUO, LEYOAO UEPOC TOV OECUMDY GTPOCEMV TNG
OPLOTEPNC TAEVPAG TOL SOKIIOV Vo KapupOoOY Tpog Ta deEI8 Kot TOPAAANAQ GTNV KIVOOLLEVT TAGKO, OAANL
Ol TPOG TO EGMTEPIKO TOV SOKIIOV. AVTO £xEl WG ATOTELEGHA TO OOKIHLO VO Efval LEPIKADG UUTEPEG, EVOD

dev VITapyEL OPLUUOTOTOINIEVO VAIKO 6TO 0®TEPIKO TOL (Eucova 6.41). Kamoteg amd Tig mpoovapepbeiceg
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déopeg otpmoemv givar Wiutépwg eOapuéves kat Opvppaticuéves, egattiog g TpPng mov avantHooeTol
avipeco og ovtég Ko otnv Kivovpevn mAdka (Ewova 6.43). Adyo g KOpUWNGg TNG GUVIPUTTIKNG
TAELOYN P0G TOV OECUDV GTPMOCEDV EEAYETOL TO GUUTEPUCHO OTL 1] TPLYOVIKT CONVO Elval oXed0V EVIEADG

amovoa (e€aipeon iomg amOTELOVV TA LEPOVOUEVE PUAAN OTPOCEMY TOL TEPLEAIGGOVTAL).

Mmnopei va BewpnBel 0TL £&1 KOPLEG pOYLLES EXOVV GYNUOTIOTEL o €€ ALTAOV OVALESO GTA dVO KOPLO PUALY
oL oynuotilovtal oTNV apioTePt TAEVPE TOV SOKIIOL, pia 0T de&Ld TAEVPE OVTISIUUETPLKE TNG TPAOTNG,
ka1 pio o€ kGOe mAevpd TV POAL®V oL TTEpiericoovTal eEmTtepikd (Ewdvec 6.42 kot 6.44). O oynUaTIGUOC
OVTOV TOV POYUOV GYETICETOL LE ALENUEVT] GLYKEVTIPMOOT TAGE®V GTA GNLEID TOV AVATTOCCOVTIAL, EVHD
emiong, nall pe LKPOTEPES POYIES, CUVEIGQEPOLY OTNV ATOKOAAN G TV oTpdcemv. Eival eueavég 6t n
eEwTePIKN 0TPOGN VAKOV TTov Yapaktnpileton amd Aéén twill oynpotilovron mo miatid VAL, dpa Kot
MyOTEPEC POYUEG TOL 0dNYOVV GTNV OTMOGYICT TOVG amd OTL OTIS LOVOOSIEVOVVTIKES OTPMOGELS. AVTO
EVOEYOUEVMG OPEIAETAL OTIG UNYOVIKESG 1010TNTEG TOV TAEKTOV VQACUATOG TOL UTOPEL VO OMOTPETEL TNV
aVATTUEY LIKPOTEPOV POYLMOV. OT®G KAl GTIC TPONYOVLEVES TEPITTMOGELS, 01 AIKPEG TV OECUDV GTPOCEMYV

001 YOUV GTOV TPOGOOPIGUO TG d1evBuveNg TV VDV KABE GTPMOONG,.

To dudypoppa eoptiov - petatomiong (Ewdva 6.45) yopaktnpiletar and téocepig (dves. H mpd givain
TEPLOYN OOV TO OOKIUI0 TAPOVGLALEL EAUCTIKT) GUUTEPIPOPA, LI KOt OV EXEL apyicel | dnuovpyio Twv
POYUOV Kol 1 TAACTIKY Tapapdpewon (Aertopépeia 6.45.1). Me v €vapén g avantuéng tov poyrov
070 0p1LotePd AKPOG TOL dokipiov, KATL OV amewovileTor g A oy TG KAIoNG TNg KOUTOANG Kol
EUPAVION SlOKVUAVOE®V, EEKIVAEL 1| HETOPATIKT TTEPLOYT, EVD 1| KIVOVUEVI TAGKO EPYETOL GTAOIOKA GF
eMOEN Ue OAN TV TEPLPEPELD. TOV doKipiov (Aemtopuépeia 6.45.2). Avth 1 otadiokn emaen avEdvel To
OTTOLTOVEVO POPTIO Y10 TN GLUTiEST) TOV dokiiov. Otav 1 Kivovuevn TAdka EpBeL oe emapr| [Le OAOKANPO
T0O JOKIHI0 KOt apyiGEL 1] AVATTLEY POYUOV KOl GUVETMG 1 TAACTIKT TAPUUOpP®ST 6To 6e€10 TOL AKPO, TO
dokipo ewépyetar otn Lovn katdppevong (Aentopépeia 6.45.3), dnov 1o poptio Sakvpaiveror yYHpm amod
po péon tn. Téhog, glvan n meployn cvumdkvmong (Aentopépeta 6.45.4) 6mov g&artiog Tov LAIKOD OV

éxel palevtel omd TIG OEGUEG TOV VTTOKEWVTOL GE KAUYT QLEAVETL TO OTTALTOVUEVO POPTIO Y10 TN GLUVEYLIOT|

NG CLUTIEDTC.

YUVOMKES TAPATNPICELS

H ocvunepipopd tov Sokipiov, Kabdg Kol ot UNyavicHol KATAPPELSTS QUTMV, TOpoLCIilel Heydieg
dlopopéc avapeso oto, Sokipia Tov VIOKEWTOL 68 aOVIKT POPTIOT Kol G€ QUTA TOV GLUTELOVTOL VIO

yovia 22°, Le TV TAEOVOTNTO TOV dapop®dV Vo epeavileton otadiakd Kabdg avsavetal n yovia gopTIonG.
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Ta dokipo mov cvpméfovror a&ovikd mapovslalovy TN HopeY| povitapoh mov yopoktnpilelt v
TpoodevTikn Katdppevon. Tnv S popoen, yopilg Op®G ™ cLupeTpia, Tapovsidlovy To SoKife Tov
vrokewton Option 3° 1 7°. Ta doxipa tv omoiov 1 yovia optiong eival 12° 1 mopandve KuptopyodvTot
O7TO TOV UNYOVIGUO TNG KAUWNG, OTOTE 1] TEAKN TOVG LOPPT PEPEL EAAYLOTN 1] KOOOAOV OUOIOTNTO IE QLTY
TOV HoviTaplov. Me Ty avénon g yoviag 1 Tptyovik o@vo oynuatiletol o Kovtd 6TV ETLPAVELN TOV
SOKIIOL TTOV EPYETOL TPMTN GE EMAPT LE TNV KIVOOUEVT TAGKA, LEXPL TOV TOVEL O GYNUATIOUOS TNG, EVAD
petafdrietar o aplBuog TOV SECUMY CTPMOEMV TOV KAUTTETOL TPOG TO ECMTEPIKO 1 TO EEDTEPIKO TOL
doxyiov. H avénon tng yoviog odnyel exiong ot pHeimon Tov SecUOV GTPOCEMY TOV TEPLEAMGGOVTOL TPOG

70 £MTEPIKO TOV SOKIIOV KOl TNV OVTIKOTACTOOT] TOVG UE OAAL ToV LIToKevTo g Kauym (Ewova 6.47).

To Sdypappa 6.48 Tapovctdlel T KOUTOAEG TOV POPTIOL - HETATOMIONG Yo KAOE Yovia pOPTIONG. TNV
nepinTon g aEOVIKNG POPTIONG TO UEYITTO POPTIO EMTVYYAVETOL ATOTOMO TOAD KOVTH TNV Evapén g
KATAPPEVGONG, U0 KOl 1) KIVOOUEVN TAGKO, £PYETOL GE EMAPT UE OAN TNV TEPLPEPELN TOL JOKIUIOV, EVD O
TAVTOYPOVOS GYNLOATICUOS TOV ATOLTOVUEVOV POYLAOV Y10, TNV Evapén TNng KaTappeuons omottel Leyaan
avénomn tov eoptiov. H petatdmion g kivodpevng mAGKag Tov ovTiotorel 610 TEA0G TG EAUGTIKNG
neployNG elvan 01 ave&aptTOg TG Yoviag eopTions, pid kot 1 Evapén Tov GYNUOTICHOD TOV TPOTOV
POYUDV GE OAOKANPO 1| LEPOG TNG TEPLPEPELNG TOV dOKIIOV dgv e&apTdrtal omd T yovio optiong. And
yovia eoptiong avtifeta eaptdral 0 ¥povoc Tov ypeldleTal | KIvOOUEVT TAGKA Yo va £pOEL o€ ETOPT UE
TO VTOAOLTO SOKILIO KO KATO GUVETELD YL VO YIVEL O GYNUOTIGUOC TOV TPMOTOV POYLOV 6€ KiBe onueio
™G TEPLPEPELNG OVTOV, KAOMDG KOL 1) TLUY TOV OTOLTOVUEVOL POPTIOL Yo va emTELYDEl 0VTH. XVVETDS, 1
avénomn g Yoviag £xel ®G OmMOTEAESUA TNV 0OENCT TNG LETAPOTIKNG TEPLOYNG KOt TN peimon Tng KAiong
mg¢. To puécso poptio g Lwvng katdppevong petdvetar eAappd kabmg avédvetal 1 yovio eoptiong and
11§ 0° o115 7°, aAAG 0md TIc 7° M peiwon eivon wiaitepa o1sOn . Avtd opeileTon 6To Yeyovog OTL GTO OOKILLOL
oL VoKEWTOL 6 AoEN eOpTion 12° 1| mapamdved ol UNYOVIGHOT KATAPPELONG TOV GYETICOVTOL [E TNV
avénomn g avtiotaong TPPNG Kot dpo TNV ACKN oM LEYUADTEPNG TIUNG POPTION, OTMG O GYNUATICUAC TNG
TPIYOVIKNG GENVOG Kol TOV GUAL®V TTov TTePlEAicoovTal eEmTEPIKA TOL doKiiov, aviikabictatol pe tnv
KAPYM TOV SECUDY GTPOGE®V, Y10 TNV 0Toia Ayotepo poptio givar amapaitnto. To pikpodtepo péso eoptio
ot {dvn Katdppevons oxetileton e AydTepn KOVOTNTO OTOPPOPNONG EVEPYELNG, LE OTOTEAECLO VO

avapéverol va petmbel onuavtikd 6tav 1 yovia eoptiong eivar 12° 1 tapamdvo.
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Agikteg aglohdynong

Ot deikteg a&loAdynong kabopilovv TNV OMOTEAECUATIKOTNTO €VOC KEADPOLE amoppOPNoNG EVEPYELNG.
2V nepintwon mov TpokAnbei cuykpovon, elvat amapaitnto To KeEAHEN AmoppOPNOTG EVEPYELOS VO, £X0VV
TN SVVaTOTNTO VO ATOPPOPOVV TNV TEPICCOTEPT] SVVATI KIVITIKN EVEPYELL GOUPOVO, [LE EVO, EAEYXOUEVO
potifo aotoyiag, oAAG TOVTOXPOVE TO PEYIGTO GOPTIO VO TOPAUEVEL KATM OO L0 OPLOKT T DCTE Vo
TPOGTATELTOVV 01 EMPATES KOl TO PoPTio evag oynuatog. Ot deikteg agloddynong mov e&etdlovton eivot to
uéyioto eoptio (peak crashing force - PCF), n amoppdonon svépyeiag (absorbed energy - AE), 1o péoo
eoptio (mean crashing force - MCF), n eldwm anoppoéenon evépyetag (Specific energy absorption - SEA),
N amddoon ¢ dvvaung katdppevong (crash force efficiency - CFE) kot o dgiktng opotoyEvelng eoptiov
(load uniformity - LU). O mivaxag 5 mapovcidlel tovg deikteg a&loldoynong yio ta 17 dokipio mov
e€etdotnKoy, Ol 0moiol VTOAOYICTNKOV CUUPMOVO HE 0,TL OVAQEPETAL GTNV eVOTNTA TOV OBempnTiKov

vrofabpov Kar pe T xpron kddwo MATLAB.

H pala tov doxipiov kopaivetar amd 26,0 gr uéypt 26,9 gr, eve n péon g tiun givan ion pe 26,6 gr. O

VIOAOYIGLOG Ta, LALaG Tov doKLiov Tov £xel KatappedoeL Yivetal LEGH TNG TUKVOTNTAG QLTOV.

H T tov péyiotov goptiov kovpaivetar oo 86,009 kN (Soxipo 1b) péypt 13,374 kN (Soxipio 6a). Katd
v aEoViK| QOPTIoN, TO UEYIGTO QOPTIO TPEMEL Vo ivol OPKETE LEYAAO MGTE va YIVETOL TANGTIKN
TOPOUOPO®GT TOV SOKIUIOL KOl KOTO GUVETELD VO OTTOPPOPATAL TEPIGGOTEPT] EVEPYELL, EVD TOVTOYPOVO.
TPEMEL VoL €lvoil LIKPOTEPO OO Lo OPLaKY T, XTNV TEPITT®OT TNG AOENG POPTIONG, 0L KOL 1 ETOPT TNG
KIVOOLEVIG TAGKOG e TO JOKIHo yiveTor oTadlokd kol dpa To QopTio Tov givol amapaitnTo Yo T
ONpovpYia TOV TPAOTOV POYUOV ACKEITUL EMIONG OTASIOKA, TO LEYIGTO (POPTIO £YEL TOAD HKPOTEPN TIUN
amo v mepinTmon g 0&ovikng eoptiong. H péyiot tyun tov eivon gite 6tov oynpatiovral ot apykég
poyLéG oto deE0 dkpo TOL dokiiov, €iTe KATA TNV TPOOOEVTIKY KATAPPELGT OVTOV, €iT€ KATA TNV
GVUTOKVEOGN ToL (av vtapyel). Katd cuvéneio, to péyioto goptio Katd tn Ao @option sival Aydtepo
ONUAVTIKOG OgikTNg aE0AGYN oG O’ OTLKATA TNV 0EOVIKY], EVD o€ KAOE mepintwon dev ennpedlet Woitepa

NV amoppOPNoT EVEPYELNG.

H eswéva 7.1 mapovoidletl 1o péyioto @optio mov ackeitol e kébe dokipo, Onwg Kol T0 HEGO UEYIGTO
@optio KaBe opdadag doxipiov. Evd n tyun tov péyiotov goptiov de dtapEpel onuaviikd ot dokipa kibe
opadag mov vVLOKeWToL o€ AoEN POpTIon e&onTiog NG OTAOI0KNG EPAPUOYNG TOL KOl KATO GUVETELN TOL
GTOOLOKOV GYNUOATICUOD TOV OPYIKDV POYUOV, DIEAPYEL a&loonueimtn dtopopd LeTtald Tav TpLov aovikd
eopticpévev dokipiov (ITivaxkag 6). Avtd givol amoTEAEGUO TN TOVTOYPOVNG KOL GTIYLLOING EQAPLOYNAG

TOV UEYIOTOV POPTION G€ OAN TNV TEPLPEPELD TOV KAOE 0EOVIKA pOPTICUEVOD SOKIIOV EVED TO POPTIO OV
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elvat amapaitnTo MGTE Vo GYNUATICTOVV Ol OPYIKES pOYUES eE0pTATAL OO TIS WOOTNTEG TOV VAV KoL TNG
uTpog Tov VAKoV. H Tiun Tov pésov Héylotov poptiov HetdVETOL GNIOVTIKG amd Tig 7° oTig 12°, e&attiog
NG OVTIKOTAGTOGCNG TV UNYOVICUAV KOTAPPEVCTG TTOL OTOLTOVYV PEYOAVTEPO POPTIO AOY® TG AVENUEVNG
avtiotaong TpPNg (mepleAlccopeva PUAAL, TPIYOVIKT CONVA), LE TNV KAUYN T®V SECUDYV GTPDOCEWDY, TOV

oyetileton pe uKpOTEPES TILES TOL (POPTIOL.

H amoppoégnon evépyelog kopaiverar and 1872,972 J (Soxipio 2¢) péypt 639,937 J (Sokipo 6a). Ot
UNYOVIGUOL avTioTaoNs, 0TTMG 1 TP OVAUEST, OTIS ETPAVELES TOV SOKIUIOV Kol TNG KIVOOUEVNG TAGKOG,
TO TEPLEMOGOUEVO, EEMTEPIKA VAL, 1 TPLYWVIKT GONVA, 1 ATOKOAANGT KOl 1 AVATTUEN LIKPOP®YLDV,
001 yoVV o€ avENON TG amoppoPnong evépyelog. Emiong, 660 LeyaAldTepo TO EvEPYO UNKOC TOV KEAD(POLG
AmOPPOPNONG EVEPYELNS, TOCO TEPLGGOTEPT] TMAOCTIKY] TOPOUOPPMOTN UTOopel Vo VIOGTEL KOl Gpol
amoppopdtal meplocoTepn evépyela. E&attiag tov yeyovotog 6Tl 1 mopopudpe®cn Tov veioTavTal To
dokipa mov vokewtol og afoviky eoption (~65 Mm) eivorl pkpoTepT omd ekeivi TV dokipimv o€ Ao&n
eoption (~68 - 75mm), Loym ¢ emAoyig avEnuévov mepBwpiov aceuleiog otny TPOTN TEPITTM®ON, N
amoppdPNoN EVEPYEWNG GTA dOKIHLO TOL VITOKEWTAL G€ POPTIoN LVITd ywvia 3° elvor peyakvtepn (skdva
7.2). H peydhn peioon tng omoppoenons EVEPYELNG AVALEGT GTO. 0K TTOV PopTifovTal VIO Ywvia 7° pe
exeiva mov oprifovral vd yovio 12° opeileTol 0TV AVTIKATACTAGCT] TOV TEPIEMGCOUEVOV EEDMTEPIKA
QUALOV KOl TOL CYNUOTIOHOD NG TPIYOVIKNG cenvag (mov oyetilovtar pe avénon g amoppdenong
EVEPYELOG) LE NG KOUYT TGV OECUAOV OTPAOGE®V. XVVETMG 1 A0 OPTION UEIDVEL TNV KOVOTNTO

amoppdeNong evépyelag evog dokipiov.

H tyun tov uésov poptiov kopaivetar omd 27,359 KN (dokipto 1¢) péypt 9,507 kKN (Soxipio 6a). Oco mio
HEYAAN M TN TOL UEGOV QOPTIOV, TOGO TEPLOCOTEPN EVEPYELD amoppodtal. Onwe avaeépbnke Kot
TPOTYOVUEVAG, 1] AVENCN TOL POPTIOL OPEIAETOL GTIV AVATTLEY UNYOVIGUAV TTOV AVEAVOLV TNV AVTIGTOON
7OV OEYETAL 1) KIVOUUEVT] TAGKO, EVO 1 Lelmon ToV Qoptiov oyeTileTon He TNV AVTIKATAGTACT] TOVG UE TNV
KApym 1oV 9oV oTpdcey. To HEGOo PopTio, E101KA KOTA TNV a&oVIKN POpTIoT, deV EmMpedleTal amd TO

péyioto goprio (Ewkdva 7.3).

H 101 amoppoonon evépyelag givor évog amd Tovg o onpoavtikolg deikteg agoddynong. H tiun g
kopaiveror amd 100,941 J/g (Soxipio 1c) péyxpr 35,358 J/g (Soxipio 6a) kot vroroyiletar g 0 Adyog g
amoppOPNONG EVEPYELNG TPOG TN UALo TOV UEPOVG TOV SOKIUIOV TOV £XEL KUTOPPEVCEL. LUVETMG M EIOIKT|
amopPOENCN EVEPYELOG OEV EEQPTATAL OO TNV TAPULOPPDGT TOL SOKIUIOV, LLE ATOTEAEG LA VAL ELVOL EPIKTN
1 GOYKPLON OVALESH GE KEADPY ATOPPOPNOTG EVEPYEWNG LUE SLUPOPETIKO UNKOG TOPALOPP®ONS. Apa, GE
avtifeomn pe TV amoppOENoN EVEPYELNG, TA SOKILLO TTOV VIOKEVTAL 68 A0EN POpTIoT LTI Ywvia 3° Eyovv
HIKpOTEPT EOIKN amoppoeNon evépyelag amd 0Tt To. agovikd opticpéva dokipo (Ewdva 7.4). Eivar

emBountn 1 LEYOAN TN TOV GLYKEKPLUEVOD delKTN, 010TL oYETILETAL e KAAVTEPT] TKAVOTNTO OTOPPOPTONG
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EVEPYENG L0 KO TEPIOCOTEPT] EVEPYELD ATOPPOPATOL ava povada pdloc. Me v avénom g yovieg
(QOPTIONG, 1] EWIKN ATOPPOPN O EVEPYELNG UELDVETAL XAPAUKTNPIOTIKO OTOTEAEL OTL 1 E101KT AmTOPpOPNON
evépyelag TV SoKiiov mov vrdkewtal 6€ Ao&n eoption yoviag 17° givor mepinov 1 pion Tov a&ovikd
eopticpévev dokyiov. H pelowon g tyumg tov cvykekpiuévon deiktn givarl omoTéAeopa TG GTASIOKNG
OVTIKOTAGTOONG TMV UNYOVICUOV OV 0VEAVOLV TNV OVTIOTOON KOl KATO GLVETEW oyeTiloviol e
TEPLOCOTEPT] OMOPPOPNON EVEPYELNS (TEPIEMOTTOUEVE POAANL OTPOCEWV, TPLYOVIKH CONVO) LE TOV

UNYOVIGUO TNG KAUYNG TOV OECUDY GTPDGEDV.

H anddoon g dbvaung katdppevong eivorl exiong mold onuavtikog deiktng aglohdynong. Ot Tég tov
Kopaivovtar amd 0,301 (Sokiuo 1b) péypr 0,821 (Sokio 4a), evéd mpokertal Yo Tov AGYo TOL HEYIGTOL
TPog 10 pEco eoptio. Efvar emBountd 1 tipn tov ouykekpipévon deiktn va givar kovid ot povada S10Tt
KATO QUTOV TOV TPOTO €ival o oUaAn 1 EXPPAOLVCT TOV VEIGTAVTOL Ol EXPATES KOL TO QOPTIO EVOG
OYNUOTOG KT TNV TTepinTorn cOyKpovong. Mia PeYAAn TIun Tov GLYKeEKPILEVOL deiktn oyetiletal pe
AyoTEPEG MBAVOTNTEC TPOVLOTIGLOD TOV QLYEVO 1] TOV KEQOAMOU TV EMPAVOVIOV G€ £val ONua. AdY®
™G S10POPAG TTOL EMKPATEL AVALESA OTIG TIES TOV PEYIGTOL KOl TOL LEGOV POPTIOV TOVG, OTMS AvVaALONKE
TOPOTAVE, T SOKIHL TOL VTOKEWVTOL GE 0EOVIKT (OPTION YapaKTnpilovtol omd yaunAés Tiég amddoong
g dvvaung Katdppevons, o€ avtibeon pe to dokipa mov vrdkewtal oe Aoén eoption (Ewdva 7.5).
Emumhéov, ot Tyuég Tov delktn ¢ amdd06on g TS SVVAUNG KATAPPELGNC Y10 Ta. AEOVIKE POPTIGUEVE dOKIipa
&xouv a&loonUelmwTo 0Poc, AOYM TOV EDPOVE TWV TILMY TOV LEYIGTOV POopTiov. Ot TIHEG TOL GUYKEKPILEVOD
Oelktn Yo ta dokipia Tov VToKewTUL 6€ AoEN POPTIoN 3° Kot 7°, OTMG AVTIGTOTYM KO Y10 EKELVA TV OTTOi®V
N yovia poptiong eivar 12° kot 17°, elvar wiaitepa kovtivég. Kot otig 00 mepimtdoelg ta Hésa poptio Tmv
avtictoy@v odokiiov €yovv mapeppepeig TwéG. Ot TOPOUOIOL  UNYOVIGHOT KATAPPELGNG TOV
yopaktnpilovv Tig 500 Tpoavapepbeiceg TEPMTMOGELS KAOIGTOOY AVALEVOLEVT] TNV TOPOLOL. CUUTEPLPOPE.
TOV SOKYW®V OTNV TEPITT®OGT CUYKPOVOTG, GLUTEPIAOUPAVOUEVNC TG emPBpdovveng. Xty TpmTn
TEPIMTOOT TO PUEYIGTO QOPTIO EMTLYYAVETOL KATA T GUUTVKVMGT] TOV DAIKOU T®V SOKIUI®OV, Apa Ol TIUES
TOV POPTIOL TV dOKYWI®V EIvVOL KOVTIVEG, EVD LITAPYEL LEIOT TNG TIUNG TOL SEIKTN NG OTOS00TG TNG
duvaung katdppevons. Ta dokipa Tov onoimv 1 yovia optiong ivar 12° kot 17° &govv Tig peyolvtepeg
TEG ovtov tov deiktn (mepimov 0,8), ocvvemdg, 660 agopd TV emPpddvvern, £xovv vyNAN

OTOTEAECULATIKOTNTO MG KEADPT] OTOPPOPTONG EVEPYELOG.

O d¢iktng avopotopopeiog kopaivetor and 1,218 (doxipo 4a) uéypt 3,325 (Soxiuto 1b). E€autiag tov 611 0
GLYKEKPIUEVOG OEIKTNC €lval 0 avTioTPOPOC AOY0g TOV JEiKTN TG AmTOdooNC TG dVVAUNG KATAPPELONG,

1GY V0LV 01 OVTIGTOLYEG TAPUTNPNCELS LLE TOPUTAVED.

H abdénon g yoviag odnyel oe peiwon tov péyotov Kot UEGOL @OpTiov, KaOMC Kol NG EOIKNG

aToPPOPNONG EVEPYELNG, EVD AKOUN 1 EAATTOOT TNG TWAG TOV TEAELTAIOV O&ikTn VTOONADVEL T UEiON
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NG IKOVOTNTAG AmOPPOPNCNG EVEPYELNG EVOS dOKILIOV. ATO TNV GAAY, Ta KEADON OOpPOPNONG EVEPYELOG
OV VTOKEWVTOL 6€ A0EN QOpTIoN Yopaktnpiloviol omd peyaAdtepn T TOL OgikTn Tng amddooNg g
SVVOUNG KATAPPELOTC, CUVETMG 1| EXLPPASLVCT) TOV VPICTOVIUL GE TEPITTMOT GVYKPOVOT|G O EMPATEG KO

T0 Poprio glvor piKpoTEPN.

XTEPEOGKOTIKY Avdivon

[pokewévon va emitevydel pio To VOEAEYNC KATOVONGT TNG GCUUTEPIPOPAC TMV OOKLUI®MV KOTA TNV
KOTAPPELGT| TOVG, KAOMG KOL TOV UNYOVIGLOV TOL TN d1Emovv, 01eENydn o1epe0osKOmIKY| avaAvLGT GE éva
dokipo avd yovie optione. Xe kdbe dokipo mpaypoToromdnkay Topég dote va Tpokvyouy 2, 3 1| 4

EMPEPOVS TUMUATO QVTOV.

T'ovia péptiong ion pe 0°

Yy ewodva 8.1 pnopei vo mapatnpnOei Evag daktOAMOC VAIKOV oV Y®PIlel TIG dECUEC CTPOCEMY TOV
KOUTTOVTIOL TPOG TO EGMTEPIKO TOL OOKILIOL pe eKelveg mov mepteMocovtal eEmtepikd avtov. To vAKO
avtd &yl mpoéAbel and Koupdti Tov JoKIiov Tov amocyioTKAY and avtd efontiog TG TPPNG TOL
vanTOOOETAL AVAIESH OTO OKIO KOl oty Kivovpevn mAdko. Ta mpoavaeepfévta Koppdtio viukon
katéAn&av péca otV Kupla pOYUN Tov Souy@pilel TIC SECUEG OTPMOEMV TOV KAUTTOVIOL ECMTEPIKA LIE
exeivec mov kdpmrovrol eEOTEPIKE TOV SOKIIOV KOl HEPOC AVTAV CYNUATICE TV TPLY®VIKY opiva. H

KOPLON TNG POYUNS KOl TOV VAIKOD TTov £xel palevtel ekel etvan o mpoavapepdeic daKTOALOG.

Ot ewcoveg 8.2 kot 8.4 61140V 6T0 KEVTPO TOV SOKIUIOL KOl OTIG OEGUEG CTPOGEMV TTOV £XOVV CLUUTIECTEL
ekel. @aiveton  Opavon Toug AOY® TG GLUTIEGN TTOV OIOKEL TOGO 1 KIVOOUEVT TAGKO OGO Kol Ol OECUEG

oTpmoemVv Petabd tove. Mepovouéveg tveg mov eEExouy Umopovv va mopatnpnoovyv.

Ot ewcoveg 8.3, 8.5 ko 8.6 eotidlovv otV TEPIPEPELOKT TOUN TOL doKyiov. Agv €xovv oyNUATIOTEL
GTEPEOCKOTIK( OPATEG POYLEG G AMOGTAOT) OO TO HETOTO KATAPPELONG. AVTO elval YOPAKTNPIGTIKO TNG
TPOOJEVTIKNG KOTAPPEVOTNG, OOTL 1) GLVIPITTIKY TAEOYNPLO TOV UNYOVIGUAOV KOTAPPEVCTC OVUTTUGCETOL
Kovtd 610 pétomo katdppevons. H kipla payun mov ympilel tic eEmtepikd omd Tig ecmTepikd kappbdeiceg
déoleg OTPACEMV EXEL 0E100MUEIDTO TAATOG GTO PETMTO KATAPPELOTG. AVTO EIVOL UTOTELECA TOV TPPDV

OV OVOTTVGGOVTOL OO TO VAIKO TTOL €Yl LOLEVTEL GTO GUYKEKPLUEVO GNUEID 0LPOV TPDTA £XEL ATOCYLIOTEL
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amd o OAAL, AOY® TG avarmTLecOUEVNS TPIPNG, Hall pe TV cuuTieoT oTNY omoin VITOKEWVTOL TO VAL
0TO LETOTO KOTAPPEVOTNG. TNV €1KOVA 8.5 cvykekpiuéva propei va tapatnpnbei 611 ot déopeg oTpOOE®V
OV KAUTTOVTOL ECMOTEPIKA TOV SOKIUIOV £XOVV OMOCKIGTEL KOVTH GTO LETOTO KATAPPEVOTG. AVTO TOUVAGC
OPEILETAL GTN GLUTIEST TOVG OYL LOVO amd TNV KIWVOOUEVT TAGKO, 0AAG Kot amd TOo VAIKO mov PpiokeTol
ond Kdte tovg, Kabdg Kol oTlg avanTuocoueveg TPIPEG. Ot e£mTePIKEC OTPMOELS TOL OOKILiov £xovv
VrooTEl TEPLOGOTEPN Opadhon 0o TIG VIOAOUTES GTPADCELS TOV TEPLEAIGGOVTAL EEMTEPIKA ALTOV KoL Elval
O KOVTIO GTNV KOPL pOYU. AVTO oQeldeTan EMEON 1 KAUWT TOVG €lval HEYUADTEPT] KOl GUVETMG Ol
UNYOVICUOL KaTappevong £xovv avamtuybel mo ekteTopéva, v okoun coumiElovtal, TEpa amd TNV
Kvovpevn TAdKa, Kot ord TIg VTOAOITES GTPMOGELG TOV VAIKOV OV KAUTTOVTOL 0710 TAV® TOLG. Mmopeil va,
mapatnpndel amokdAAnom petalh TV oTpOUAT®Y ToLv LMKV, eéoutiag TG aoTtoyiog Tmv vdv Kol g
unTpoc, eva emiong gueavig eitvar m Bpavon mov €yovv vrootel. H amokdAinon veioctator oyt pévo
AVALESH GE OV0 SLUPOPETIKES OTPDOELS, AAAL KOl OVALEGO OTLS EMUEPOVG KCTPMCELG» TOV JOHOVV Hio
oTpotn VAKoV. To vAkd mov éxel cuumiestel péca 6To KOAVOPO Kot PpickeTal 6€ amdOGTAON OmO TNV
KopLE1 ToL dokiuiov £xel Opvppatiotel eEattiog Tov TPOGHETOV VAIKOD OV PpickeTar amd TAV® TOV Kot
oonyel oty emumpdobetn micon avtov. Ewdwd xovtd oto toryduato tov dokyiov 1 Bpadon eivar mo

évtovn Aoy g emmpochetng cupmieong amd o TpoavapepHEVTA TOLYMUATA.

T'ovia pépTiong ion pe 3°

O ewcoveg 8.7, 8.8 ko 8.9 mapovoidlovv Ty Toun Tov doKIUiov Tov avTIoTol el 6T oNpEeio 6OV 1 KOpPLoL
poyun oynuotiCetor oto péco Tov TAYovg Tov. H omokdAANoM TOV OTPOCENV TV EMTEPIKA
TEPLEMOGOOUEVOV PUAL®VY gival dtaitepa euovie. Avapeoa ce 000 amoKOANIEVO PUAAD UTTOpel va
napatnpnOel VAIKO Tov €xel anooylotel amd avtd. Onmg Kot TaPUTdve, oTIG EEMTEPIKEG OTPADCELS TOL
VAKOD 0vATTOGOOVTOL TTLO £VIOVO, Ol UNYXOVIGHOT KATAPPELONC amd OTL 6€ gKeiveg mov PpiokovTol Kovtd
oTNV KOPLOL p@YUN, TO YOG TG omoiag eivar aloonpueimto Kpivovtag amd To KOUUATIO VAKOD 1oL 400V
oveompevtel o€ owtnv. Kdmola koppdtio @OA@V otphcemv £xovv onuaviikd péyebog. v ewdvo 8.9
GUYKEKPIUEVA QUIVETOL O GYNUATIGHOG POYUOV GTO TEPLEAGGOUEVA POAAL £EDTEPIKA TOV dOKILIOL AOY®
TOV EPEAKVOTIKOV TAGEDY TOV OVOTTUGCOVTOL KOTA TN GULUMIEST] KOl TOV GYNUATICUO TG LOPONS TOV
povitaptod. Ot déGHES GTPMOGEWDY TOV EIVOL GE ETAPT LLE TNV KIVOOUEVN TAGKO £X0VV VTOCTEL TEPIOCOTEPT
Opavon amod Tig voroneg, e€attiag TV TPPOY OV avarTOcooVTAL LETAED TV 600 emPovEI®V. O OEGEG
OTPOCEMY TOV KAUTTOVTOL TPOG TO EGMTEPIKO TOV doKIUiov €xovv vrootel Opadon Kovid 6to PET®TO

KATAPPELGONG TOL JOKILIOV.
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2y ewova 8.10 mapatnpoiviol Ta GOUAAL CTPMGE®V TOL TEPLEAIGGOVTAL E@TEPLKA TOL doKipiov. Elval
EUPAVNG M EKTETANEVT Opahon Tove, OGS Kot 1 amokOAAnor. Ot mpoe&éyovoeg tveg deiyvouy Bpadon Tmv
WOV Kot TG UATPOS Tov VAK0V. Katd n cvumieon, otnv mePoyn T0V LETOTOV KATAPPEVCNG, 1 KAUWN
TOV POAALOV TOV GTPOGENDY 001 YEL GTIV TOTIKN AVATTUEN UNYAVIGUL®Y KOTAPPELGTC, OTMG EIVAL O1 POYIES,

KaBmG Ko 6T TEPLEAIET TOV PVAAOD.

H ewodva 8.11 avtiototyei oty Toun g aplotepng TAgvupdg tov dokipiov. H kdplo payun oynuotiletol
TEPITOL 670 PEGO TOV TTAYO0VE TOL dokipiov. H pikpn tng amdkiion ard to HEGo ovToD 0PEIAETAL OTN LKPT
yovia eoptione. Ot déoueg GTPOCEDY TOL KAUTTOVTIOL TPOS TO EGAOTEPIKO TOV JOKI{OV EY0VV LIOOTEL
apn Opavon. H topn g deidg mhevpdg tov dokipiov gaiveror oty ewkdva 8.12. H amokdAinon twv
oTPOCEMV €lval ELPAVIG, EVA OVALESH TOVG KOUUATIL VAKOV pmopolv va mopotnpnBovv. Opown pe
TOPOTAVED, 1) KOPLO pOYUN oynuotileTol Tepimov 610 PHEGO TOL TAXOVG TOV doKiiov, e&attiag TG LIKPNS
YOVIOG POPTIONG, EVO KOUUATIO VAIKOD TOV £0VV 0mocyloTel 0td To doKipo gival epeavi. Mépog avtav,
mov Pploketal otn Pdon TG pOyYUNGS, oYNUaTilel TV TPLYOVIKY cENvo. AVALESH GTNV APLOTEPT KOL OTN
0e€1d mAgvpd OV VIAPYEL ONUAVTIKY OPopd 6ToV aplBUd TV PUAA®V GTPAGEDY TOV TEPLEAIGGOVTAL
eEmtepkd tov dokipiov e&artiag Tov onueiov oYNUATIGLOD TNG KOPLOG POYUNG GTO TOIY®UO TOV OKL{OV.
Opwg, n yovio popTiong £YEl MG OMOTELEGUO TO GUAAN TNG APIGTEPNG TAELPAS VO KAUTTOVTOL TLO TOAD

oo G 0e€14G, 00MNYDVTOG GTNV OTTIKT OGVLUUETPIO TOL SOKIULIOV.

I'ovia eéptiong ion pe 7°

Mépog g Pdoemg Tov dokipiov ameikoviletor oty gikova 8.13. Eivol epeavig o oynuatiopods poyung
oTIS €EMTEPIKEG OTPMGEIS TOV VAKOV, EVD OTOCYIGHEVEG tveg UmopobV emiong va moapoatnpnovy. Xta
OPYIKA GTAdIO TNG CLUUTIESNC, 1 LKPOP®YUATMOCT] GUVERN TPV TNV AVATTLET LEYOADTEP®V POYUDY TOL
€YOUV (¢ AmOTELEGHN TNV KATAppELST TOL dokipiov. H pikpopaoyudtoon pmopel vo mapatnpndei mévro
KOVTA GTNV EMPAVELN ETAPNG TOL SOKIUIOV HE TNV KIVOOUEVT TAGKA. Meptkég @opés, OLmS, epeavifeTot
Kol 6 GAA ornueic Tov SoKIio, Kupimg OTOV VITAPYOVY ATELEIEG GTO VAIKO. L€ ALTNV TNV TEPITT®OON N

OVATTLEN HEYOADTEPOV POYUDV Elval WO10iTEPA GTTAVLIOL.

Xy ewova 8.14 ametkovifeTor 1 TOUN TNG 0PLOTEPNS TAEVPAS TOL doKILiov. Mropel va mopatnpndel n
pecaio poyur mov yopilel Tig ecmtepikéc pe Tig e&mtepikéc Kappheioeg déopues oTpdGEY, 1 onoia dgv
&Y€l OYNUOTIOTEL GTO HEGO TOV TAYOVS TOL TOLYDUATOG, OAAG O KOVTH 6To PUAAN TOV TEPLEAIGGOVTAL
e€MTEPIKA TOL JOKIIOV. ZUVERMG KOL 1] TPIYOVIKT GONVO €IVOL TO KOVTE TNV eMTEPIKT EMLPAVELD, TOV

dokipiov. Apa, o1 SECUEC OTPDOGE®Y TTOV TEPLEMGGOVTAL EEMTEPIKA TOV doKipiov givar Arydtepeg amd Tic
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avTioTolrEG MOV KAUTTOVTOL E0MTEPIKA ovtov. H katevBuvon tov vdv pog otpdong VAKoD mpog To

€00TEPIKO TOV doKiov, 1 omoia givar 90°, pmopei va SamicTmOEL.

H ewova 8.15 napovoidlel pio Aemtopepn amoyn 1oV KoUPOEVTIov pOALOV GTPOGEMY GTO EGOTEPIKO TOV
dokipiov. H S1ao0Tpopdtoon Tov oTpdGe®mY TOV VAKOD v LEPEL TAPAUEVEL, TapOAT TN Bpabon otnv omoia
VIOKEWTAL XTIV €KOva 8.16 etvar eLeavng 1 meployn AVAUESH OTLG OEGUEG CTPOCENDY TOV KAUTTOVTOL
ECMTEPIKA TOV SOKIUIOL KOl AVTEG TOL TTePleAiccovTat eEmTePkd avtov. Ot @TEPIKH TEPIEMGGOUEVEG
déoEG EKTEIVOVTOL OKTIVIKA, LE ATOTEAEGLO TV AVATTUEN EPEAKVOTIKOV TAGEMY KoL TNV ATOGYIGT TOVS
oe [Kpotepec déopec. H otpdon mov €pyeton o€ emapn He TNV KIVOOUEVN TAGKO £XEL VITOGTEL 101a{TEPT

Bpavon, eEartiog TV avanTuocOUEV®VY TPIR®V HETAED TOV dVO ETLPOVELDV.

H toun g de&ic mhevpdg paivetor otig eioveg 8.17 ko 8.18. H kdpia poyun, dpa Kot n Tptyovikn cenvo,
oYNUOTICETOL KOVIO OTNV E0MTEPIKN EMPAVEIL TOL OOKUYIOL, HE OMOTELECUO TEPIOCOTEPES OECEG
OTPMGEMV VO KAUTTOVTOL TTPOG TO ECMTEPIKO TOV SOKIHIOV amd OTL EEMTEPIKA ALTOV. TNV TPMTN EIKOVO, 1|
pOYUN oynuotiletal avapecso 6Tig GTPMGELS TOV 10100 PUAAOV, EVO GTN SEVTEPT] AVALESA GE dVO YEITOVIKA
@OMa. Emiong, mopatnpeitat 0Tt 6T0 GNUEID TOL HETMTOV KATAPPELGONG TAL POAAN CTPDGEDV TOPUUEVOVY
oTolfayuéva 1o £va Tvm 6To GALO KATE TNV KAUWYT) TOVG TPOC TO E0AOTEPIKO TOV dOKIUion. XT0 onpeio g
KOAUWYNG TOVG, AVAUESO GTIC GTPAOCELS TOV QUAA®V givarl EUQAVEIC LUKPES TEPLOYES OTOV EXEL GVCCMPEVTEL
OpoppaTicpévo VAIKO, TO Omoio TPOEPYETAL AmMd OTPMOCEIS TOV (UAA®Y MOV OV KAUTTOVTIOL, OAAY
cuvOAiBovTat and Tig vTOAoITES GTPMGELS. Ol GTPMGEIS TOL KAUTTOVTOL EEMTEPIKA OE TTEPLEMGTOVTUL AOY®
™G UEYAANg yoviag eoptiong. EmmAéov, 1 anokdAANon TV 6TpOCE®V KOl 1 avAmTLEN poYH®V givat

EUQAVEIC.

I'ovia eéptiong ion pe 12°

To vikd mov £xel GLECWPELTEL Kal cLUTIESTEL LEGO 6TO doKipo @aivetal otig skoveg 8.19 kar 8.20. To
(QOVOLEVO EIVOL TTIO EVTOVO TPOC TO TOYMOTO TOL doKIiov, e€attiag Tng emmpochetng migong amd avtd.
Kotd v kdpyn toug, o1 décpeC oTpOoE®OY KOTELOHVOVTUL 0pYIKE TPOG TO KEVTPO TOV dOKIUion, KOl 6N

oLVEYXELD GLUUTIECOVTOL TPOG TO TOLYMUATO OVTOV, EVE TOPAAANAa OpadovTol TEPALTEPM.

H swéva 8.21 mapovcidlel v Topn g apiotepig mAeupdg Tov dokipiov. E&attiog g peyding yoviog
(QOPTIONG, 1] TAEOYN (IO TOV SEGUAOV CTPOCEMY KAUTTETAL TPOG TO ECMTEPIKO TOL SOKIUIOV, EVA 1| Yovia
KAPYMG otV gival KPOTEPT OO TIG TPOTYOVUEVES TEPIMTMOGELS POpTIoNc. H avantuén tov poyudv Kot

1 OTOKOAANGT TV GTPMGEMV VAL ELPAVEIS, EVD 1 KOPLa pOYUR (KOL 1] TPIY®VIKT GYIVA) OVATTUGGOVTOL
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KOVTd otnv eEmtepikn empdveln tov dokipiov. Or g&mtepikd kappbeices déopeg oTpdGEOV EYOLV
OTOCYIOTEL KOVTO OTO UETOTO KaTdppevons, e&outiog g €viovng KAUWYNG Tov LEIoTOVToL AOY® TNg
UEYOANG Yoviag @OpTIONG, €V 0 UIKPOG aplfudg oTPOoEMY LVAKOD TOV OEGUMV GUVEICQEPEL TNV
amooyion. Emmpocheta, givarl eppavi onpeio g TepipéPELNg TOV SOKIIOV OOV OAES Ol GTPMGELS TOV
VAKOD &yovv Kou@eOsl TPog T0 £0MTEPIKO GVTOV, Uia Kot propel vo wapatnpndei n twill dpavon g
ewTePIKNG oTpMdONG (ekdva 8.22). Xg otV TV nepintwon de oynuatiCetat n KupLo pOyU, Kol GUVETMOG
N Tptyovikn opnva. H poyun avipecso oto onpeio tng Teplpépelog 0Tov ot OEGUEG GTPOCEDY KAUTTOVTOL

UOVO E0MTEPIKA KOl GTO oNEio 6mov Eekivael 1 eEOTEPIKT KAUYN TV decU®V PUmopel va Tapatnpnoei.

H toun g de€ic mhevpdc mapovoidletor oty gikova 8.23. H khpla poyun Kot dpo 1 Tpryovikny ceniva
oYMNUOTICETOL OPKETOL TO KOVIO OTNV E0MTEPLKY| EMPAVELNL TOV dokipiov, e&artiog T peyding yoviag
(QOPTIONG, IE AMOTEAEGHLO, ] TAELOYN QIO TOV POAA®V CTPOCEMV VO KAUTTETOL EEOTEPIKA amd TO JOKIipLLO.
Ot gomtepkd kappbeiosg dEoUES OTPMOOEDY £YOVV OTOGYIOTEL KOVTA 0T0 HET®OMO Kotdppevong. Keva

OVAUESH GTIC OTPMOELG LTOPOVV VoL TPt P 0ovv.

I'ovia eéptiong ion pe 17°

Ytnv toun Tov dokipiov tng eovag 8.25 umopel va mopatnpndel 6t 1 eETEPIKN OTPDOON EYEL VITOGTEL
Avyoué egartiog g cvpmieong, o omoiog dev e&ehiynke otig voroeg oTpdoels. H eikdva 8.26 eotialet
oTNV TOUN TNG 0aploTePNG TAEVPAG Tov dokiiov. E&artiag g pueyding yoviog @OpTIong, Ol OEGEG
OTPMGEMY KAUTTOVTOL TPOG TO EGMTEPIKO TOV SOKILIOV, evd £xovv vootel Opavor. H Bpadon opeileton
0€ GLVOLAGUO TNG KAUYNG, TOV OLOKOVLEVOL QOPTIOV amd TNV KvoOpevn TAdKa, TG avtiotaong AOy® Tng
PG oL OVATTOGOETAL UETAED TOV EMUPOVEIDV KOl TNG OvTioToong amd To VAKO Tov £yl Mon
oLGOMPEVTEL PHEGA 6TO SOKip0. Bpavon TV vav propei eniong va mapatnpndei. H yovio poptiong emiong
oyetileton pe N pkpn yovio kdpyme tov deoumv otpocenv. H ewova 8.28 eotialel 6to onueio 6mov ot
eEmtepikd kauedeiceg 0éceg oTpdoe®v Eekivovy va, oynuatiovtal. Mmopel va mapatnpndet puo peydin
POYUN OVAUESO GE OVTEG KoL OTIG HOVO e0mTEPIKG Kappbeiceg déopeg, ot onoieg M e&mtepkr twill
oTpoo™ givol eueavig AOYm g opoAng tng empdveloc. H toun mov aviiotoyel ot de£1d mAgvpd Tov
doKIiov KAVEL ELPAVEC OTL TAL PVAAN GTPOCEMY KAPTTOVTOL HOVO ETEPIKE TOL dokiuiov, eEantiog Tng
peyding yoviog eoptiong (ewdva 8.29). Mropei va mapatnpndel 1 omokoOAANoN TV oTpoudtov eEortiog

NG AoTOYIOG TOV VOV KOl TS UNTPOC.
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T'ovia eéptiong ion pe 22°

Ta doxipia Tov vIdKEWTAL OE YOVia EOpTIoNG iong pe 22° yapaktnpiloviot and EVovn KApyn Tov SEcUOV
oTpiceny Tovg. Ot ewkoveg 8.30 ko 8.31 mapovsialovy v toun T de&lig mievpdg tov dokipiov. H kopia
poyun (Kot dpan Tprymvikn oenva) oe oynuatiletat eEontiog g LeyoAng yoviog gOpTiong, LE OToTELEC LA
OLEC 01 OEOEG OTPMOEMY VO KAUTTOVTAL EEMTEPIKA TOL dokiiov. H peyddn yovia pdptiong £xet emiong
OG ATOTELECHLA 1] YOVIO KAUYTG TOV OECUADY GTPOGEDY VA Eivol PIKpn Kot apa va unv gtvorl toco Egxdbapa
EUPAVEG TO PETOTO Katdppevone. H amokdAANon TV 0TpOCE®MY YEITOVIK®Y GUAA®DV, OAAL KOl GTPOCEDY

TOV 1010 PVALOVL, OT(C Kot 1 Opadon AVTOV pUropovV va Tapatnpndodv.

H ewodva 8.32 gomialer oty toun g apiotepns mAevpds tov dokiiov. Kot og avtiv v mepintmon,
eautiag g peydAng yoviag eoptiong, o€ oynuatifeTal Koplo peyun, GUVETNOS 0VTE TPLYMVIKN GONVA, KOl
Gpo. OAEC Ol OECUEG OTPDOCEDY KAUTTOVTOL TPOG TO L0 TUMIO TOV SOKIUIOV. ZVUTEPAGUATIKE O KVPLOG
UNYOVICUOG KOTAPPELONG EIvOL 1) KAUYN TOV OECUDMV OTPMOGEMV, Kot Oyl M avaTTLEN POYU®OV Kol
Tpryovikng cenvag. Tapatmpeitar 0TL €€l cLGGOPEVTEL VAIKO avapeso ota KOUEOEvTa UAL, Kupimg
TPOG TNV ECMTEPIKN EMPAVELX TOV SOKILI0V. To VAIKO 0VTO TPOEPYETAL OO GTPMGELS TOV TOLYMIOTOS TOV
dokyiov, o1 0Toieg dev LLEGTNCOV KAWYT), 0AAG CUUTIECTNKOAV Kol VTEGTNOOV BpavoT and Tig VTOAOUTES
KappOeiceg 6TPMOGELG. ZUVETMG, EIVOL EUPOVEG TO KOVTA GTNV ECMTEPIKT EXPAVELN TOL SOKILIOV ENEN N
KON TOV 0ECUOV oTPMGE®MY gival mo évtovn ekel. H amdoyion tov decudv otpdoeny g deE1dg
mAevpdg tov dokipiov mov pmopel va mapotnpnbel oty ewdva 8.33 opeiheton KLPIMG OTIG OKTIVIKEG
EPEAKVOTIKEG TACELS TOL ALOKOVVTAL T PUAAD OTPMOGEWY, 0AAY ETIOTG GLVTEAEL 1] AVOTTLGGOUEVT TPLPY

OVAUEGH OTNV EMPAVEIEG TOL SOKIUIOV KO TNG KIVOVUUEVNG TAGKOG.

KaBopiopog nayovg kol o106TpoONATOONG

[Ipokewévov vo avomtuyfel 1 povielomoinon Ttov TEWPAUATOE €ivol omapaitntn n yvodon g
SoTPOUATOONG, ONAadN TOV aplBod TV GTPAOCE®DY, KOOMS Kol 0 TPOGAVATOMGUOG Kot TO TAY0g Kabe
otpaong. Eival yvowotd 0TL To GUVOAIKO TTdY0G TOV TOYMNOTOG TV doKipiov givar 1,5 mm, n eEmtepikn
otpwon eivar mAekt), vVeavong twill, evd ot vmOromec oTpmdoelg eivar HovodeLOLVTIKEG e
npocavatoMcopd 0° 1 90°. o tov kabopiopd g SLueTPOUATOONS AAUBAVOVTOL VIOYT GTEPEOCKOTIKES
EIKOVEC TOCO €VOC OOKIUIOV €PEAKVOUOD OCO KOl ECTIOCUEVEG GTNV TOWUN TMOV CUUTIECUEVOV OOKILI®V.
Yvuykekppéva, otig ekoveg 8.6, 8.7, 8.34 kot 8.36 pmopei va mapatnpnbei 6t to ykpilo ypdpo TV

OTPAOCEDY OLOPOPOTOIEITAL GE dVO OMOYPMCELS, WE TN Uio ATOYP®OT VO OVIIOTOEl GE OTPACELG

190

—
| —



devbuvong 0°, kol v GAAn oe otpaoelg devbuvong 90°. H amokdAAnom mov veictaviol ol SEGLEG
oTPHOEMY KAOIGTOOV EUPAVELS TIG (AKTIVIKG EKTEWVOUEVES) GKPEG TOVG, KOL GUVETMS TO v £ivat oparég (0°)
N av wpoe&éyovv iveg amd avtég (90°), pe amotédespa va ivat epikTod vo kafoploTel oo andypwoT Tov
YKPL avTIoTOKEL o€ KGO pio omod Tig dVOo d1eVBHVeELG TV V@Y. [TpoKdTTEL OTL 01 GTPAOGELG LE aVOLYTO YKPL
YpoLa Exovv dievbuvon 0°, evd 1 d1eHBLVON TV GTPMCEMV e 6KOVPO YKPL xpdua givar 90°. I1épa amod to
€100¢ TV oTPMGE®V, gival ePIKTO Vo KOBOPIoTEL Kol 0 GUVOALKOG aplBUOS TOVG. ZOUP®VOL LE TO, TOPOUTAVD
TPOKVTTEL OTL TO, SOKILLLO ATOTEAOVVTOL OO EVVIA GTPMGELS, O10pOpmV Ttoydv. [Ipokeiévou va vroloyiotel
T0 TTAY0G KAOe oTPOONG, N AVAAOYiO AVAUESH GTO GUVOAIKO TAYOVLE TOV TOIYMUATOG KOl TO YOG KabE
oTPOOTNG VIoAOYioTNKE HEc® Ynolakng emneéepyaciog swovog (ewova 8.36). H mpoxdmtovca avaroyio
EQOPUOGTNKE O GYEOT LE TO CLVOMKO TAYOG TOV TOLYDUATOC. S SPOPETIKA TTayn yopoaktnpilovv T1g 9
oTpdoels. Ta yapakinplotikd Kabe otpdong napovsidlovror otov mivaka 11. H apibunon tov otpdoewmv

EeKkvdel 0o TV E0MTEPIKT EMPAVELD TOV TOLYDOUATOC KAOE dokyiov.

AprOunTtikn Tpocopoicnon

M£00o0og memepaopévov otoryeiov & Ls - Dyna

[pokeyévov va, peretn0el oe peyarvtepo Pabog n mapomdvm diepedvnon Kot ovaivon e AoéNg popTiong
ka1 katdppevong CFRP doxipiov, avartoydnke aptOunTikn TpocouoincT) e COUTIESNS VTOV GOUPOVOL
ue ) pébodo tov nemepacuévov ototxeiov (Finite Element Method - F. E. M.). H cuykekpipuévn puébodog
XPNOoTOEITOL Yot TV aplOuNTIKY ETIAVOT S1UPOPIKADV KO OAOKANPOTIKOV EEI0ADCEMY SLOPOVTOS EVaL
obvheTO GVGTNIA GE PIKPOTEPO, LEPT], ONAOT] dlakprtonol®vTag To. Ta mpoavapepbivia uépn ovopdioviot
TEMEPACUEVO GTOLYElD Kot ival cuvNMOmg TPIY®VIKA 1 TETPATAEDPA, EVA Ol OKUEC aLT®OV ovoudlovial

kopPot. Ot kopPor etvar OnAadn Ta onpeio OV GLVOEOVTAL T YEITOVIKA GTOYELD.

H pébodog tv menepacpuévav oTolyEimV KAVEL EQIKTN TNV TPOGEYYION TNG AVONG TPOPANUATOV TOL
neptlopfavovy cOvOeTeg YemUETpieg Kot oplakég cuVONKEG Kot Ogv HmopolV Vo eTAVOOUV avaALTIKA.
2uykekpiéva, 1 S1aTOT®oT £VOG TETO10V TPOoPANLaTog 00N YEl o€ £va sVt alyePpikdv eElodoewy. Ot
amAEG EEICMOELS TOV TEMEPACUEVMV GTOLYXEIWMV GUVOETOVY €val LEYAAO GVOTN A EEICMGEMV TOL AVTIGTOLYEL
oe 0Mo 10 mWPOPANpa. H Avorn mpooeyyileton péocw® tng €hoyIGTONOINGNG HOG GYXETIKNG GLVAPTNONG
opdaipotoc. Ilpokewévov va pewwbel 10 o@dipo, eivor omopaitntn 1 KATOAANAN €miAoyn NG
dtokprromoinong Kot Tov 1010tV Tov otoygiov. Eva amd ta peyaddtepa mieovektuoto g puebddov

TMEMEPAGUEVOV GTOLYEIOV givar OTL umopel va epapupootel o pn - ypoppukd mpoPinuata. Emiong,
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YPNOYLOTOLEITAL EVPEMG GE TPOPALOTA TNG UNYOVIKIG TTOV 0POPOVV, AVALESO GE AN, JOUIKT OVAAVOT),

petapopd Beppdmrag, por PELGTAOV KOl NAEKTPOLAYVITIKO OLUVOLLKO.

To mokéto mov ypnoporodnke givar 7o Ls - Dyna, 1o omoio avortdydnke amd ) Livermore Software
Technology Corporation (LSTC), npotod e€oyopaoctei and tnv Ansys. XpnoILOTOLEITOL EVPEMG Y10 TNV
emilvom Un - YPOUUIK®OV TPOPANUATOV HEGH TNG AVAAVOTG TEMEPACUEVOV GTOLYEIV. ATToTEAEITOL QT EVal
EKTELEGIUO OPYELD, EVD aKOUT EIVOL TPOYPOLLD YPOUUNS evToA®V. Ta apyeia e166d0v givar popoeng ASCII,
Gpo. LopovV va LToGsTOVY Eneéepyacio amd 0molodNToTE TPOYPapa enelepyaciag kKewévov. To Ls - Dyna
GVVOdEVETOL aTd TOV KO TOL dWPEAV Pre - kai postprocessor, mov ovopdletal LS - PrePost. Xtnv tapovca

gpyacio, 1 €ékdoom tov LS - PrePost tov ypnopomonke ntav n 4.7.3.

To Ls - Dyna pmopel vo amodmoel o€ peydio Babud v mepimhoxn katappevon tTov cHvOeTmv VAIKOVY, 6
avtifeon pe évav peydio aplBpd GAA®V EUTOPIKOV KMOTKWOV TEMEPUCUEVOV GTOLEI®Y, VA aKOUN
YPNOLLUOTOLEITOL EVPEMG O EPAPUOYES GUVOETOV GTNV QVTOKIVNTOPLOUNYavio, KOl TNV 0EPOSIACTN LK
Bropunyavia. Xe oxéon Le TNV 0GTOYI0 TOV HETAAA®DV, 1] TPOCOUOIMGT) TG AGTOYI0G GVOVOET®V LVAIK®V glval
OTUOVTIKG 7O TEPITAOKT Oyt HOVO €£AITIOG TOV UNYXOVICUMV KOTAPPELOTG, OAAL Kol AOY® OPIGUEVMV

OVETAPKELDY TAOV KPITNPI®V 06TOYI0G EVOG CNUOVTIKOD aplflol EUTOPIKOV TOKETMV.

KaBopiopog 1610ttmv Tou vAikov

H mieioymoeio Tov 1010THTOV TOL VAIKOD TOV £Vl ATOPUiTNTEG Yo TNV AVATTLEN TS TPOGOUOimoNG dev
napéyoviar and Tev Katackevaotn tov CFRP dokdv amd Tig omoieg mpoékvyav ta dokipie. e avtég
neptapPdvovtal to péTpo tov Young ot dlounkn Kot eykapoto, ievbuven, o Adyog Poisson kat to pétpo
dtdTunong. Ipokelpévou va VTOAOYIGTOVY 01 TAPUTAV® OOTNTEC, YiveTal yprion g Bewpiog pLALGCEDY

(lamination theory).

To avBpakdvnua mov emhéynie givan to T300/934. Ipokertan yio PAN avBpaxdvnua mov aviKel oty
Katnyopia tov facikdv woav evioydoemg (standard modulus fibers), evod givol kotackevacuévo amd v
wmovikn etorpeio Torayca. Ta T300 avOpokovioTa avijKouV GTIC T GUYVA YPNCLLLOTOOVLEVES tveg oE
peydin mowidio Popnyavidv, copreptrappavopévng e agpodactnikig Ot ot teg tov T300/934
elvat: ddpnkeg pétpo ehaotikotntac: Er = 131 MPa, eykdpoio pétpo ehaotikdmrag E» = 10,3 MPa, pétpo
didtunong Giz = 6,9 MPa, Adyog Poisson vi2 = 0,22 kot mapapdpemon katd v actoyio 1,5%. [pokvntet
6t vie = 0,017 (E&lowon 1).

192

—
| —



Apycd vroAoyiletal o TivaKag aKapyiog Yo TV TePItTeoTn oTpdong pe dievbvvon wvav ion pe 0°, [Q],
(E€&omoelg 2 - 7). Xtn cvvéyela yivetor €0peon TOV VoK GKAUyioG Yoo TNV TEPITTMON GTPMONG UE
S1ev0vvon wav ion pe 90°, [Q]oo (EEiohoelg 8 - 13). Ensrto vmohoyiloviot 1o pnTpoo eKTaTikhg oopyiog,
A, 10 unTpdo 60levéng, B, kat to untpmo koprtiknig dvokapyiog, D (E&odoeic 14 - 16). H miext otpidon
twill amotundveTon 6To0VC VITOAOYIGHOVE MG dVO GTPMOGELS, TO TAYOG TOV OToiMVY gival {60 pe TO UG TOV
Thryoug TG apyikng otpdonc. H pia otpdon &xet d1evbvvon varv ion pe 0°, kot 1 GAAn ion pe 90°. Ta tpia
npoavaeepBévta untpma cvvBétovv tov mivaxo axopyiog g mAdkas (E&lowon 17), kabmg kot tov
avtioTpo®d TV, ToV Tivake evdotikdTTag ™G TAdkag (E&icwon 18). Xt ocuvéyeln, vmoioyilovtot ot
16odvVaEG TIHEG TV (ntoduevav peyeddv, cuykekpluéva: daunkeg pétpo eractikotntoag Ex = 90,649
GPa, gykapoto pétpo ehaoctikotnrag Ey = 51,033 GPa, Adyog Poisson vy = 0,045 kot pétpo didtunong Gyy
= 6,900 GPa (E&ohoeic 19 - 22).

Movtélo TETEPUCUEVOV GTOLYEIMV

To povtého amotedleitor and 10 k€AVEOg kot Tig dvo mAdkeg (Euwcova 9.1). H kdtw mAdko mopapévet
otafepn], evd 1 TAVO ovTioTolyel oV Kivoduevn mhdia g unyavig Kaboiikav dokyav (Ewodva 9.2).
To kélvgog oyedidomre oto CAD mpodypappe SolidWorks, kot to IGES apygio mov mposkuye giofydn
o10 LS - PrePost. O nhdkeg oyedidotnkay katevbeiov oto LS - PrePost péow tov mopabdpov Shape
Mesher. To Oyog Tov keADEOVG givar ioo pe 80 mMm exgdn to emmAéov 20 mm tov dokiov Ppickovon
OTOV O0KTOALO GUYKPATNONG, EMOUEVAOC UTOPEl Vo vtoTebel OTL 0L TO TO TUNHO TV doKipimV dev emnpedlet
(1 ToVAGyIoTOV, EYEL LIKPT ETPPON) TNV KATAPPELGT TOL VITOAOUTOV dokipiov (Ewova 9.3), evd axdun pe
OVTOV TOV TPOTO LELMVETOL TO VITOAOYIGTIKO KOGTOG. To mhyog Tov KeAbpovg etvar 1,5 mm ko 1 eEmtepikn
owapetpog 40 mm. Ilpoxeévon va, punv avéndel 1o voAoyloTikd KOGTOG, TO KEALQEOC EMAEYONKE Vo
npooopowwdel wg éva fully - integrated shell element, pe amotéleopo vo pnv mpocopo®VOVTOL OL
UNYAVICHOL KATAPPEVONG TOV OVATTOGGOVTOL AVALESH OTIG GTPAOCELS, OTMG 1) OTOKOAANON avTdv. [ To
TAEYHO ypnoomomOnkay teTpdmAevpo. otoryEia, 1 Kabe mAevpd TV omoimv emAéyOnke ion pe 2 mm.
[Ipayupatorombnkayv tpootadeiec yio peiwon Tov peyéboug twv ototyeimv, OL®MG TO VITOAOYIGTIKO KOGTOG

avEavoTay 6g TOAD LEYAAo eminedo.

Ot V0 mhdkeg mpocouoldOnKay ®¢ dVO GLUTAYN GKOUTTO omdpote, 25 cvuraydv (solid) kvpikodv
ototyeimv. To punkoc kat to TAdtog kdbe midkag rav ico pe 80 mm, kot to vVyog pe 15 mm. Ot 1310TNTEG
1oV VAoV mov gledyOnkav oty Kaptéia MAT_RIGID eivar avtég tov ydAvPa, dnradn: mokvotnta 7,85

g/cm3, pétpo ehactikotntag: 270 GPa kot Adyog Poisson: 0,3 (Ewova 9.4). H kdtwo mAdko dev el kavEvay
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Babuo ehevbepiag (Ewdva 9.5), evd n maveo €xer pdévo tov Pabud erevbepiog g petapopikng Kivnong
Katd Tov KaTakopueo Y a&ova (Ewdveg 9.6 ko 9.7). H taydnta g Kivodpevng TAdkag emAEyOnke va
etvan ion pe ekeivn tov mepapatog, dniadn 20 mm/min (Ewova 9.8). v mepintmon g a&ovikng
(POPTIONG, O TEPLOTIGHOG TNG TPOoOUOimoTg Yivetan ota 195 SeC, dote 1 GuumieoT Tov KEADPOVG Vo eivat
ton pe ekeivn Tov mepdpatoc. O xpodVOC TS TPOCOUOIMONG LETARBAAAETOL AVAAOYQ LLE TN GLUTIEST] TV

doKimv Tov avTioToryovv og Kabe yovio oOpTIoNG.

[pokeywévov va Tpocopotmbovy ol otpdacelg e TAdkoag, 1 kaptého PART_COMPOSITE avtikabiotd
mv kaptéda PART, 660 agpopd 1o kéAvpoc. H mposmihoyn g drathnmwong twv ototyeinv katd Belytschko
- Tsay dwatnpnonke e€artiog g copfotdttdc ¢ pe T poviehomoinon ohvletwv vAK®Y, TG peimong
10V Pawvopévov g kAeyvdpag (hourglass) kot Tov xopmAdTEPOL VITOAOYIGTIKOD KOGTOVG GE GYEON UE TIG
0Aheg emroyég. To mayog kGbe otpmdong kot 1 devbuvon Tev Wdv avtg glonydnoav pe okond v
npocopoinon Tov otphceny. Kdbe otpoon opileton péom evoc onueiov oloxkinpwong. H miektn otpdon
twill Tpocouol®Onke ®g 600 SLUPOPETIKEC OTPMGELS, OTMEC GLVEPRN Kot KOTd TV e@appoyn g Bewpiog

oevAwcenv (Ekdva 9.9).

[pokeyévov va ereyydel n dlemaen T®V COUATOV KoL VO ELTOSIGTEL 1] d1€iGOVOT TOV EVOC UEGA GTO GAAO,
OAAG Kot 1) dlelodvor PETOED TV GTOLYEIMV EVOC COUOTOG, EMAEYOVTOL OVO TOTTOL aAYOPiBH®Y dlemapnc.
[oa va epmodictel m delodvon avapeco oTa GTOlEld TOL KEADQOVLS EMAEYETOL 1 KOPTEAQ
CONTACT_AUTOMATIC_SINGLE_SURFACE. O cvvtekeotc ototikng tppng eivar icog pe 1,05, evad
0 ovviekeotig  ovvopukng  Tpipng wovtar  pe 0,3 (Ewova  9.10). H  kaptéda
CONTACT_ERODING_NODES_TO_SURFACE emAéybnke yio T 01€maQn OVAUESO GTIC TAGKEG KOl TO
kéhvpog. H emihoyn eroding ftav amapaitntn AOym ¢ Saypagnic TOV OTOWEIDOV TOL UETOTOL
katdppevons. O cvviereotng otatikng TpIPNg eivon icog pe 0,61, evd o cuvielestng duVaKNS TPPNG

woovtat pe 0,47 (Ewova 9.11). Olot o1 cuvtereotes TpiPng emiéydnkay and ) Pifioypapio.

[Tpokeévov va amopevydel To eorvopevo e KAeWHOpaG, N He GALD AOYLo 1 EKTETAUEVT TOPALOPO®GN
TV otolyeimv, evepyonoteiton otny Kaptélo, HOURGLASS o éleyyoc tov eawvopévov (Ewdva 9.12). Ta
O€00ULEVE TOV GLAAEYOVTOL KOTA TNV TPOGOUOIMOT TEPIAAUPAVOLV TO POPTIO TOL UCKEITAL GTO KEAVPOG,.
[opodeg Tig emAoYEC TOV £yvay LE GKOTO T HEIMGOT TOV LTOAOYIGTIKOD ¥POVOV, TO KOGTOG TOPEUELVE
oA vYNAS. TV avtod tov Adyo, otny koptéla CONTROL_TIMESTEP, n emidoyn mass scaling emléyonke
(Ewova 9.13).
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Movtehomoinon 10V VAIKOU TOV KEADPOLG

H xaptéro viko0 mov emhéydnie yia 1o kéAveog eivor n MAT_ENHANCED_COMPOSITE_DAMAGE
(054/055). And to dHo KkprTnplo AcToYi0G TOL TPOCPEPOVTAL, ETAEXONKE TO KprTnplo aotoyiag Tov Chang
- Chang (MAT_054). To vAké MAT 054 ypnotuonoteitat eupEme 1o, TV TPOCOU0imet cOVIETOV VMKOV.
[Ipdxerton mpakTikd yio po Bertiopévn ekdoyn tov MAT 022, evd mepiéyet adlydpiBo mTpocsouoimong
ToV petdmov  Kotdppevons. Efotiog tng éAAewyng dedopévov, €vag aplBudc mpooceyyicewv
npoypatoromOnke, émov Ntav anopaitnro. Eniong, kdmolec TapaueTpot dev £(0VV PLGIKN oMUaciol Kot

dgV UITOPOVV VO VTTOAOYIGTOVV TTEPALUATIKA.

RO &ivor n TokvoTnTa TOL LAKOV, 1) 0Toie EMAEYETOL MG 1| LECT] TN TNG TUKVOTNTAG OAMV TV SOKII®YV,
nov eivan 0,0014662 g/mm?3. EA eivar 10 pétpo elactikotrog otov dopnkn dEova, EB 1o pétpo
ehaoTikdTTag 0ToV £YKdpoto afova, PRBA o LAdyoc Poisson kat GAB, GBC kat GCA ta pétpa didtunong,
T omoia Oempovvrorl ica peTa&d Toug. Ot TIWES AVTMOV TOV TOPAUETPOV EYOVV KAOOPIOTEL GOUP®VO UE
napandve og &g EA = Ex = 90,649 GPa, EB = Ey = 51,033 GPa, PRBA = v,y = 0,045 xau GAB = GBC
= GCA = Gxy = 6,900 GPa.

H moapauetpog TFAIL givar o kprrrpto peyébdouvg ypovikov Prinatoc yio m daypagn evog ototyeion. H
T tov TFAIL vmoAoyileton pe ™ pébodo trial - and - error, kou mpokvmter ion pe 2,000e - 09.
Hoapomphnke 611 6tav n T tov TFAIL ftav Alyo pikpdtepn 1 LeYAADTEPT OO QVTI TOL YPOVIKOV
pruatog tov otoyeiov, o omoio eivar 6,053e - 07, To oToyEin TOL KEADPOLS dayPAPOVTAY APVCIKO
ypryopo. '’ avtd to Adyo, Kot emeldn 1 evepyomoinomn g enthoyng HOURGLASS gAéyyetl v aguoikn
TOpApOpemon TV otolyeiov, emiéydnke n i tov TFAIL va sivor mepimov dvo taEeig peyéboug

UIKPOTEPT.

To ALPH oavtiototyel oty mopduetpo dtatuntikig téong o, mov eppaviletal atnv e&icmon (25) n omoia
OETEL TN CLUTEPLPOPE TOV KEADPOVG 6TNV eAGTIKN TTepoyn. To ovvnbeg evpog TV TiudV g givar 0 -
0,5. H tyun g dev umopei va tpocsdiopiodei tepapotikd, ondte pe tn uébodo trial - and - error npoékvye
o6tt ALPH = 0,1. To SOFT e&ivan évag ouvteheotig HEIOONG TNG OVIOYNG TOV GTOLEIOV TOV UETMTOV
katdppevons. H tiun tov emiong dev pmopel va aviyvevbel melpapotikd, Kot cuvenmg Ppébnke péom g

uebodov trial - and - error ion pe 0,85.

H M g dropnroug avioyng epeikvoopot, XT, vmoAoyiletor og n péon Ty avtoyns o€ EPEAKVGUO TV
TPIOV KOVTOVIMV TTOV YPNCILOTOMONKaV Y10 TNV €DPECT TOV GLYKEKPIUEVOL LEYEBOLS, OTTmG avapépOnke
mopomave, kol mpokvmtel ion pe 1067 MPa. H dwunkng ovioyn oe cvumieon, XC, vmoloyileton

TPOGEYYIOTIKA, AOY®D EAAewymng Osdopévov, néow g Piprloypapiog. Aeod Ppebei, dniadn, n péon
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nocooTtwaia dlapopd Tev Timv Tov XT kot tov XC, n onoia etvan 78,023%, wpokvmtel 6TL 1 Tiun tov XC
etvar 832,5 MPa. ' trv gvpeon Tng TIUNG TG EYKAPTLOG avVTOYNG 6€ EPeAKVGUO, Y T, dev vmdpyovv opketd
dedopéva. Opmg, pua ka1 TAdko dgv eivar LovoodtevBuvtikn, aAAd anoteAeital amd oTpdcelg 1060 0° 660
ka1 90°, Bewpeitan Tpoceyylotikd 6Tt M Ty Tov YT givon ion pe tov XT. Opowa, n T ¢ €YKAPOLOG

avtoyng o€ ovumieon, YC AapuPdvetar ion pe tqv tun tov XC.

H mapdpetpog SC eivar  avtoyn o€ didTunon, n T mg onoiag, Adym EAAeyng dedouévav, Aednke
uéom g Piproypapiog kot pe tn péBodo trial - and - error ion pe 153,6 MPa. H mopdpetpoc FBRT eivot
€vag OUVTEAESTNG WEIMONG NG E€PEAKVOTIKNG OVIOYNS TOV oV, 0 omoiog dev pmopel va Ppebet
TEPOUATIKA, 0AAG péom tng nebodov trial - and - error. H tiur tov dtatnpnbnke ion pe 0. H ntapapetpog
YCFAC etvon évog cuvTELEDTNG HEIMOTG TG OVTOYNG TOV VAV UETA TNV AOTOYI0 TNG HNTPOGS, 1) TN TNG
omoiag emiong dev umopei va Ppebel metpapaticd kot aviyvedetan pe t uébodo trial - and - error. TTpokvmtet
611 YCFAC = 1. H napdpetpog BETA eivor évag cuvtehesTig 6TAOONG Y10 TOV SLATUNTIKO OPO KOTA TOV
EPEAKLOUO TOV VOV, M TN Tov omoiov emhéyOnke ion pe 0. H mopduetpoc DFAILS sivor n péylom
dwTunTikn téorn ko n mapduerpog DFAILM 1 péyiotm téomn tng pitpog Katd Tov €QEAKLGUO 1 N
ovpmieon. Aoym Eddenyng dedopévav, n T kot tov dVo tapapével iomn pe 0. Ot tapdpetpot DFAILC kot
DFAILT eivat n péylotn mopopdpemon Tov eV KAt T GUUTIEST), Kol KATO TOV EPEAKVGUO OVTIGTOLYd.
H tun toug emiéybnke va etvan ion pe 0,015, cduemva pe ™ Pipitoypagia yia to avOpaxdvnua T300/934
(Ewova 9.14).

To vikd MAT 054 yapaxtmpiletor and 1o kpirnplo actoyiog tov Chang - Chang (E&icmoeig 26 - 29).
Ortav yivetal ypion Tov GVYKEKPLUEVOL VAIKOD, 1) acTtoyio umopel va ouuPei pe 61dpopovg tpdmovg. Av 1
nmapapetpog DFAILT 1oobtal pe 0, kot cuvenmg n mopdpetpoc DFAILC dev pmopei va evepyomomdei, n
actoyio cvppaivel cbppova pe to Kprrfiplo tov Chang - Chang. Av to DFAILT egivar peyoddtepo tov 0,
Kot TNV Tepintwon g napovcag epyaciog 1o DFAILC pkpodtepo tov 0, 1 actoyio cupfaivel coppmva
pe to DFAILT, 11 to DFAILC, 11 o DFAILM, 1 To DFAILS. Av n mapdpetpog EFS givar peyaivtepn tov
undevog, n aotoyia cvuPaivel coppwve pe avtv. Télog, av To TFAIL etvor peyaidtepo tov 0, actoyio
TV oTolyeiwv umopel vo copPel cOLpvo Le To ¥povikd Tovg Pra. XTnv mopovod Epyacia, 1 actoyio

ocvppaivetl katd v mapduetpo DFAILC, kot devtepevovimg katd tnv TFAIL.

Movtelomoinoen tng Aoéig ovpmicong

[pokeywévov va povteromombovy o1 TEPIMTOCELG TG AOENG GLUTIESTC TOV KEADPOLGS, Yo TIG YOViEg

QOPTIONG TOL TEPALATOS, TO KEALPOG Mall e TNV KAT® TAAKE TEPIOTPEPOVTIAL, HECH TNG KOUPTEAOG
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transform (Ewoéva 9.15). H emhoyn ENDTIM g xaptéhag TERMINATION, nov kabopilel tov ypovo
mov dwpkel M ovumigon, pvbuileror cOUE®VE e TN UETATOMION TNG KWVOUUEVNG TAAKAG, OTMG

TAPOLCIALETOL GTO OESOUEVH TOV TTEPAUOTOC TOVL TTiVaKa 5.

AmoteléopaTo aplOUNTIKNG TPOGONOiMGTNG

e auTAY TNV EVOTNTO TOPOVGLALOVTOL TO, ATOTEAEGLLOTA TG OPLOUNTIKNG TPOGOUOImGNC, SNA0ST T GTASIH
NG KOTAPPELONG TOV KEADP®DV, TO SIOYPAULOTO POPTIOV - UETUTOTIONG TOV TPOEKVYAV, KOl Ol OEIKTEG
a&loldynonge. Ta dedouéva mov mposkvyoy amd v npocopoinon sival oe ASCII popon, kadiotmdvrag

EPIKTN TNV ene&epyacia TOVG.

213010 KOTAPPEVGNGS TOV KEAVQPAOV & 10 ypApupaTa QOPTIOV - PETATOTIONG

[pokeywévov va givar QKT 1 GVYKPIOT] TOV KOUTVADY QOPTIOL - UETATOMIONG TOL KEAD(POLS KOl TMV
dokiov avd yovia @OpTIoNG Kol 1 GTOTVIMGN TOVG GTO 1010 SLAypOUe, avarTOXONKE 0 KOJKOG
MATLAB mov mapovsialetor oto mapdptnue B3. Ot mopdpuetpotl g mPoGoUoimsonS mTov EXPENE v
Bpebovv péow g peboddov trial - and - error pvbuiotnkayv £tol ®ote N amdkAon peTagd TV SEIKTOV
a&loAdynoNG TG AmoPPOPNONG EVEPYEWIG, TNG EWOIKNG ATOPPOPNONG EVEPYELNS KoL TOV HEGOL (POPTIOV TOV
TEWPAPATOG KAl TG Tpocopoimong vo punv vrepPaivel to £10%. Q¢ ek tovTOL, KO €mMEWN M 110
npocopoinon (pe eEaipeon T TEPIGTPOPT TOL KEADPOVG KOl TNG KATM TAGKAS KOl TOV YPOVO TEPULOTIGLLOD)
YPNOLLOTOMONKE Yo KAOE yovio OPTIONG, WKPEC AMOKAIGELS OTNV KAUTOAN GOPTIOV - LETATOTIONG TOV

KEADPOVG ard QLTHV TOV SOKIIOL EIVaL OVOUEVOULEVEG.

O explicit solver tov Ls - Dyna mpotiunibnke omd tov implicit solver yw v mapovco apBuntikn
TPOGOUOIMOT, ENEBN TO VIOAOYIOTIKO TOV KOGTOC gival cap®dg uikpoTeEPo. Akoun, n xprion tov implicit
solver £yel wg anotédeopo aPHOIKT CLUTEPLPOPE TOV KEADPOVG KUTA TNV KOTAPPELON TOV, e&aitiog TG
ovppetpiag avtov. O explicit solver mapéyet a&lomoto amoTeEAESHATO, AV KoL 1] XPHOT TOVL GYETICETAL [LE
aHENOT TOV SLOKVUAVOE®MY TNG KAUTOANG POPTIOL - HETATOTIONG, OTTMG EMIONG KO LE TOTIKY aOENOT) TOV

eoprtiov, pa kot 1 vropén nalag AapPavetol voy.
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T'ovia péptiong ion pe 0°

Ot eikdveg 10.1a - e mapovotdlovv o GTAdW TG KATAPPEVOTG TOV KEADPOLG TTOV VPIGTUTOL AEOVIKN
ocvoumieon. H ocvvipumtikn mheloynoio tTov @OAA®OV 7OV SOUOPPAOVOVTOL GTO UETOTO KOTAPPEVCTG
KAQumtetal mpog 10 £0mTEPIKO Tov dokipiov (Ewdva 10.1a). To pnikog tov kapedéviov @OAlov
enekteivetal 660 efghicoeTon 1 ovumieon. AvtiBeta, 1 Saypagn TOV CTOWEIOV TOV QUAA®OV 7OV
Kaumrovtot eETEPIKA ToV doKiiov epmodifel v avénon tov ufikovg toug (Ewkoveg 10.1a kar b). Ot kdpieg
POYUES TOV SOKIMV TPOGOUOIOVOVTOL MG SIOYPOLUEVO GTOLXEID VAUESH OTO PVUAAN TOL KeEADPOVG. H
EKTETAUEVT] KAUYN TOV POAADV GTO HETOTO KATAPPELONG 00NYEL OTN dloypoen TOV GTOLEI®Y TOVG, L
e€aipeon éva eOALo (Ewdva 10.1d). Tevikd 1 dtaypar| ototyeiov eival dlaitepa eu@ovic 6T TELELTOIN
oTAdW TNG KATAPPEVOTG, Katd T omoia umopel va mapatnpndei kot o pepikd otoyeio Kovtd ot fdon

TOV KEADPOVG, 1 0TOoia KOTA T AN TOPApUEVEL AOKTT).

H ewéva 10.2 Tapovctdlel 1o S1dypopa, @opTiov - LETATOTIONG TOV KEADPOVE GE GYECT LE TIG OVTIOTOLYEG
Kaumoreg Tov dokiov. Etvar epoavic i opotdtnta HETaED TOVG. Xe OAEC TIC TEPITTMOGELS, TO MEYIGTO
eoptio emrevydnke Alyo petd v £€vapén TG CLUTIEONS, €V CULYKEKPYEVE OTNV TEPITTOOT TOL
LOVTEAOTIOINUEVOL KEADPOLG aLTO GUVEPN axoua vopitepa. Avtd mbavodg ogeiletal 6To Yeyovog OTL O
OYNUOTIGUOG KOL 1) aVATTUEN TOV OpYIKOV pOYU®V GTo, dokipta ¥peldletal TePIGGOTEPO XPOVO Omd TN
Sypapr GTOLEIWV TOL AVTIOTOLYEL 6TO HOVTIEAOTOMUEVO KEADPOC. TN GUVEXELD, 1] KOAUTOAT oynpatilet
éva TANTO, 1 LEOT) TIUN TOV OToioL gival apkeTd pKpoOTEPN amd T péylotn. H mpoavaeepbeica péon tiun
TOV LOVTEAOTIOUEVOL KEAD(POUG Elvar eAdylota PiKpOTePT amd T péon TN tov dokiiov. EEattiog tov
explicit solver, ot dwaxvpdveelg g KaumHANG ToV HovVTELOD givar TOAD TePLocdTEPES amd OTL AVTEG TOV
dokyiov. ol Tov 1010 A0Y0, 1 TN TOL POPTIOV TOV UOVTEAOTOMUEVOL KEADPOLG, WETO TN UEYLOTN,
Kopaiverar yopo oto 50 KN mpv dnpovpynoet 1o npoavagepféy mhatd. H adEnon tov goptiov tov
SOKIWI®OV KATH TN TEPLOY] GLUTVUKVOGNG OVTMV 0gv UTOPEl vo Tpocopotmwbel e&attiag g otaypoaeng

octoyyEiov.

T'ovia eéptiong ion pe 3°

Ta 6140100 TNG KOTAPPEVOTG TOV KEADPOLS paivovtal oTig eikoveg 10.3a - e. Tlapatnpeital 6Tt povo dvo
UEYAAQ VAN KAUTTOVIOL E0MTEPIKE, VM OV0 OPKETH UIKPOTEPH KAUTTOVIOL EEMTEPIKE TOL KEADPOLG
(Ewova 10.3a). TTapdro mov mpdkertar yio Ao&n @OpTion, To. PUALA KAUTTOVTOL E0OTEPIKE Kot eEOTEPIKA

TOV KEADPOVG EVOALGE, e€antiog TNG LIKPNG YOVIOG POPTIONG KOl TOV YEYOVOTOG OTL 1) GUUTIEST] VIO YOVia
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3° potdler moAd pe v afovikn. Ot KOpleg pOYUES TV SOKIUIOV TPOGOUOUDBVOVIOL MO OLLYPOULUEVOL
ototyeio avapeca ata eOAAN. H popen tov eEotepikdv kapedéviov puAlov Tov kKeldgovg Bouilel nv
neptEMEn tov avtictorywv ALV Tov dokipiov (Ewdveg 10.3b kor 10.3¢). E&outiog g kapyng tov
QUALOV, 6TO LETETELTA GTAOLN TNG GLUTTIEONG £vag LeydAog aplfudg Tov ctolyginy Toug dtaypdeetot. Amd
TNV GAAT, TO GTOLYEID GTO LETOTO KATAPPELONC TOV PVAAW®YV TTOV KAUTTOVTOL EGMTEPIKH TOV KEADPOVS dEV
VEIOTOVTOL TOGO EKTETAUEVT] OL0YPOPT], AOY® TOV HEYAAOL TAATOVG TV GUAA®Y TOV 00NYEL OTNV KAUYT
TOVG TTPOG TO KEVTPO TOL KEALPOVG. 'ETal, Ta oTorygla TOL GLYKEVIpOVOVTAL PEGH 6TO KEALQOG Bupilovv,
TPW ypapovV, T0 VAIKO TOV GLYKEVIPMDVETOL 6TO £6MTEPIKO TV dokiiov (Ewoves 10.3d xai e).
[oaporo mov Evag aplBpdg otoryginv kovtd ot Baor Tov KEADPOLE SLaypAPETOL KAT TO TPAOTO GTASN TNG

GUUTIESNC, 1] SLOYPOPT| GTI GLYKEKPLLEVT] TEPLOYN TOL KEADPOVC dev eEEAICTETOL OTO LETENELTA GTASLAL.

Ot xopmoreg Poptiov - petatomiong mopovstitovor otny Euwova 10.4. H kapmdAn Tov HovteAomompuévou
KeEADPOVG Elval TAVOUOIOTUTN LE EKEIVEC TV doKILimV, €101KA ToL 28. H ghacTikn meployn ¢ KOUTOANG
TOV LLOVTEAOTIOUNUEVOL KEADPOVS €Vl EANPPDG LUKPOTEPN amd €Kelves TV dokiimv, AdY®m Tov OTL M
Sypoen TOV OPYIKOV GTOYEIDV 0TO HETOTO KaTtdppevong Eekivdel vopitepa omd OTL 0 GYNUATICUOS TV
APYIKOV pOYLOV TV dokipiov. H péyiotn tipun tov ¢optiov Tou LOVIEAOTOIUEVOL KEADPOLG emTeEdYONKE
070, TPMOTA 6TASL0L TNG KaTAppevong kot ivar peyardtepn amd 50 KN kot dpo apketd peyaidtepn and Tig
TIWES TOL QOPTION TV SOKIUI®V GTO GLYKEKPIUEVO GTASIO TNG Katdppevonc. Avtd opeiletal otn ypnon
tov explicit solver. T Tov 1610 A0Y0, 01 SLaKVUAVGELG TOV POPTIOV TOV UOVIEAOTOINUEVOD KEADPOVE GTO
mAotd elvor mOAD w0 évioveg omd ekelveg TV KoumvuAdv Tov dokipiov. To péco ¢@optio TOL
LOVTEAOTIOINUEVOL KEADPOVG £XEL TOPOLOLO TIUT IE TO LEGO POPTIO TV dOKIimV. XT0 TEAELTALN OTASIOL
g ovumieonc, o eoptio tev doxiuiov avédvetar e&ottiog g CLUTOHKVEOGONG TOVS, EVD TO (POPTIO TOV

LOVTELOTOINUEVOD KEADPOUG LEIDVETOL AOY® TNG EKTETAUEVNG SLOYPOPTG CTOLYEIWDV.

I'ovia eéptiong ion pe 7°

Ta 616010 TNG KATAPPELGNG TOV PLOVIEAOTOUNUEVOL KEADPOVG TToL vrdkeLTtal o€ Ao&N popTioT ywviog 7°
napovoidlovior ot ewkdveg 10.5a - e. Zynuatifovior Kupiog dV0 HEYAAX QUAAN OV KAUTTOVTIOL
ECMTEPIKA TOV KEADPOLS, KAOMG KOl £VA OPYIKADG AKTIVIKG, ETEKTEIVOUEVO PVALO TOV KAUTTETUL EEMTEPIKA
avtov (Ewkdveg 10.5a kan b). Ta dwaypappéve otorygio avapeso oto @OAAN OTOTUIOVOVV TIG POYUES TOV
dokipiwv. H mieioyneia tov otoyyeiov tov 600 QUAL®Y OV KAUTTOVIOL ECMTEPIKH TOV KEADPOLS OF
OlYPAPETOL KOVTIA OTO HETONO KOTAPPELONG, HE OMOTEAECUO TNV ovENON TOL UAKOVG TV

apoavapepbiviav oAV (Ewdveg 10.5b kot €). Ta otorygio t@v QOAAOV £0MTEPIKA TOV KEADPOVG
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OTTOTLIMOVOVY TO DAKO OV GVOCMPEVETUL OTO E0MTEPIKO TV doKiwv. Xtnv ewodva 10.5e umopel va
napatnpndel 60TL évag peydrog apBuog otoryeiov éxel dwaypapel. To @OALO mov kdumteTon eEmTEPIKE
nepiediooetan ehaepac (Ewdva 10.5¢). Kabng eéehicoetal n cvoumicon, 1 meptéMéEn tov @OAAOL QEPEL
apKETEG OUOOTNTEG UE TNV TEPEMEN TV VA ®V Tev dokiiov (Ewdveg 10.5d ko 10.5€). TTaporo mov
évag aptBpodc otoreiov daypapetal 6To UETOTO KOUTAPPELOTG, aVTO Ogv emnpedlel ™MV KAUyM Tov
QOALOV, VD deV LOICTATOL EKTETOUEV OL0YPOOT OTOLXEI®V DOTE va dtaypael oAdkANpo eUALO (Etkova
10.5e). IIpog 10 TehevTaior GTASIA TG KATAPPEVONG, OUMG, EKTETOUEVT dlaypapn] GToXElOV Umopel va

mopotnpnOet.

To cuykpiTiKO SIAYPOLIO TOV OTOTVMVEL TIG KOUTOAEG POPTIOL - LETATOTIONG TOV LOVIEAOTOIUEVOD
KeAOPOVG Kol TV dokipiov mapovotdletar oty ewove 10.6. H glootikn meployn g KOUTOANG TOL
LOVTEAOTIOINUEVOL KEADPOVG KO TV SOKLUIMOV TEAEIDVEL TEPITOV GTO 1010 GTAS10 TNG KATAPPEVSTG OLTAOV.
H M tov péoov @optiov Tov TANTO TOL UOVTEAOTOMUEVOL KEADQOLG €ivol peyodvtepn omd v
avtictoym Ty tov dokiiov. Erxiong, n {dvn katdppevong Eekivdiel o vopitepo 6Tdd10 TG cuumieong,
mOavadg emeldn 1 darypapn otoryeiwv Eekivdel emiong vopitepa amd TO GYNUATIGUO KOL TNV OVATTLEN TOV
poyudv tov dokipwiov. E&otiag g ypriong tov explicit solver, ov dioxvpdveslg g KOUTOANG TOV
LOVTEAOTOINUEVOL KEADPOVC Elvar avENIEVES. ZTO TEAEVTAIO GTASIN TG KATAPPEVGONG, 1) T TOL POPTIOVL
TOV KOUTUADV TOV SOKI®MV 0LEAVETAL AOYM TNG CUUTVKVOGNC, EVA AOY® TNG dl0YPAPNG GTOLYEIDV 1) TN

TOV QOPTIOL TOV LOVTEAOTOUIEVOV KEADPOLG LELDVETAL.

T'ovia eéptiong ion pe 12°

Ta otddio Katdppevong Tov KEADPOVS Tov VIOKELTOL 6 Ao&| cuumieon vrd yovia 12° Ttapovcidlovton
oTig ewkoveg 10.7a - e. Zynuotilovtan dVo peydia kot Evo PKpOTEPO PUAAN TOV KAUTTOVTOL ECOTEPLKH TOV
KeADPOVG, KabmG Kat éva OAAO oL meplediooetar e&mtepikd awtov. Ta dwaypappéve ototyeio avipeoa
070, PUAAN TPOGOLOLOVOLY TIG KOpleg poyués Tmv dokitiov (Ewova 10.7a). ‘Evog pikpdg aptOuog tomv
OTOYEI®V TOL LETMOTOV KATAPPELONG TOV ECMTEPIKA KAUPOEVTOV GUAL®V S10ypAPETAL, [IE ATOTEAEGLLO VOL
unv ennpealel my avénon Tov PNKovg Tov eUAAOV péco oto kKEAvpoc. Ta otoyyeio kot ta UALG GTO
ECMTEPIKO TOL KEADPOVLG OMOTLIIMVOUV TO VAIKO 7OV GLGCMPEVETOL OVTIGTOL(0 GTO ECMTEPIKO TMV
dokipiov (Ewoveg 10.7b - d). H nepiéMén tav e€mtepikd kopupbiviov guALoV givol Topopota pe ekeivn
TV Odokipuiov, eved oakoun Oev enmpedletal amd TNV TEPLOPIGUEVN Olaypapn OTOLElwV otV omoia
vrokewtat (Ewcoveg 10.7a - ¢). H daypar| tov ototyeiov o€ Ola ta @OALN avEAVETOL KOTE T LETETELTA

otadia g Katappevons (Ewdva 10.7¢e).
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To cuykpITIKO S1AYPALIE TV KOUTVAMY GOPTIO - LETATOMIONG TOV LOVIEAOTONUEVOL KEADPOVG KOl TMV
dokyiov anewoviletar oty gwkova 10.8. To onpeio 6mov teAeudVEL 1| ELOCTIKY TEPLOYN KAOE KOUTOANG
OVTIGTOLYEL OTNV 1010 TOPAUOPPMOT] Y10 TO LOVIEAOTOINIEVO KEADPOG Ko To. dokipa. H {mvn kotdppevong
TOV HOVTELOTOINUEVOD KEADPOLG EeKIVaEL vopitepa amd T LDV KATAPPELONE TOV dOKILI®V, OUOL0 LLE TNV
nepinTmon g yoviag eoptiong tmv 7°. E&attiag tng ypriong tov explicit solver, o apyikd @optio tov
LOVTEAOTOMNUEVOL KEADQOLVG ot {dvn KaTdppevuong givol peyoldtepo amd 1o avticTtoyo @optio TV
SoKIi®V, EVO Ol SIUKVUAVGELG TNG KAUTVANG TOV LOVIEAOTOMUEVOL KEAD(POVG givarl avénuévec. T tov
1010 A0Y0 TO HEYIGTO QOPTIO TOV UOVTEAOTOUUEVOL KEADQOLG €ival apKETH LEYOADTEPO amd TO UEYIGTO
@oprtio TV dokiov. H péon tun tov goptiov tov TAaTO TOU LOVTEAOTOMUEVOL KEADPOLE EIVOL KOVTA e
™V avtiotoyn pHéon TN Tov doKyiwy. Xto tehevtaio oTado TG KATAPPELONGS, 1) EKTETAEVT SLAYPOOT|

OTOXEL®V 0ONYNCE GE OTUAVTIKY UEIMGT TOV POPTIOL TOV LOVIEAOTOIUEVOD KEAVPOUG.

T'ovio eéptiong ion pe 17°

O ewcoveg 10.9a - e mapovstalovy o 6TAdIN TG KATAPPELONG TOV KEADPOVG TOV VTOKELTOL GE GLUUTIESN
vd yovia 17°. H katdppegvon tov powdlel og peydro Pabud pe ekeivn tov dokipiov. Onmg Kol oTig
TPOTYOVUEVEG TEPITTAGELS, GYNUOTICOVTAL VAL TTOV KAUTTOVTOL ECOTEPIKE KO EEMTEPIKA TOV KEADPOVG,
EVD TO OLOYPOUUEVE GTOLXEID AVAUESE TOVG TPOCOUOIDVOLVY TIG KUPLEG pOYUEG TV dokipinv (Eudveg
10.9b - c). TTapdro mov oTa ApPYIKE GTASW. TG CLUTIEONC 1 SYpoP] TOV GTOLEI®V TOV UETOTOV
KATAPPEVONG TOV dVO E6MTEPIKA TOV KEADPOVG Kap@BEvtmv euAA®V givar pepovopévn (Ewdva 10.9b),
oto PeTénelta otdola avEavetal, ennpedlovrag o peydro Padud Ta oTotyeion TOV HETOTOV KATAPPELONG
(Ewova 10.9¢€). To emtepikd mepiedioodpevo goALo (Eucdveg 10.9b kar 10.9¢), s€artiog tng Sioypagng
TV GTOYEI®V TOL 6TO PETEMEITA G6TAdWL TG KaTdppevong, Bupilel déopeg otpdoewv (Eudva 10.9d).
Awypoen otoryeiov mapotnpeitor kol otn Pdorn tov KeEAveovg, egattiog g £vTovng KApyng A0y® tng

ueyding yoviog eoptiong (Ewdva 10.9¢).

To dudypappa g ewoévag 10.10 Tapovotdlel TIg KOUTOAES POPTIOV - LETATOTIONG Y10 TO LOVTEAOTONUEVO
KEALPOG Kol T SOKILN TOV VITOKEWVTOL G€ YoVia opTiong 17°. Onwe Kot Tponyoupévmg, 1| TapaUOpP®oN
7OV OVTIGTOLYEL 6TO TEAOG TNG EAAGTIKNG TTEPLOYNG Etvat 1010 Yo OAEG TI¢ KaumdAec. Ta onueia Evapéng g
{ovng katdppevong eivar kovtd peta&d toug 660 aPoPd TO LOVTEAOTOUNIEVO KEAVQOG Kol To dokio. H
péomn T Tov eoptiov g {dOVNES KOTAPPELONG TOV LUOVTIEAOTOMUEVOD KEADQOVG €ival KOVTa pe TV
avtiotoyn T Tev dokyiov. H xprion tov explicit solver éyel wg amotéheopo dlokvpavVeEL 6To PopTio

TOV LOVTELOTONUEVOD KEADPOVC, OTMS Kol avénuévn Ty Tov péyiotov goptiov. H tiun tov poptiov Tov
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LOVTEAOTIOMNUEVOL KEADPOVG GTO TEAELTALO GTASIN TG KOTAPPELONG LEUDVETOL CUOVTIKG, AOY® TNg

dlypaens ototyeimv.

T'ovio eépTiong ion pe 22°

To 6tdd10 ™¢ KaTdppeLONE TOV KEADPOVG TOL VEIGTATOL GLUTiIESN VIO Yovie 22° TopPoVGLALoVIaL OTIC
ewovec 10.11a - e. Iapatnpeiton 6T N KAPY”M €lvarl 0 KOPLOg UNYavicUdg KOTAPPELGTG, EVAD N1 ard To.
TPAOTO GTASLOL TNG CLUTIESNC TO EVAAN KAUTTOVTOL ECMTEPIKA Kol E0TEPIKA TOL KeADPove (Ewkdva
10.11b). Kabmg mpoywpder n cvumieon, N KOUYN ETEKTEIVETAL GTO UEYOADTEPO HEPOG TOV KEADPOLG
(Ewoveg 10.11d ko €). Zto, mpdta 6Tad1 TG Katdppenongs, 1 dloypaet Tov ototyeiov cupufoivel Kuping
o10 pétono katdppevons (Ewdva 10.11¢). Zta peténeita otddia n doypar Tov otoryeiov oynuotiCel
Lo KOpLoL poypUn 010 KEALPOS, VM £VOG ONUOVTIKOC aptBdc ototyeimv Kovid ot Aot Tov KeEADPO LG
eniong voiotatar dwypaen (Ewova 10.11e). Avtd eivar omotéleopa TG €viovng Kapymg A0ym tng

LeYOIANG Yyoviog pOpTIoNG.

To didypappa eoptiov - HETATOMIONE TOV KAUTVAMDY TOV LOVTEAOTOUEVOL KEADPOVS Kol TV dOKLLimV
napovotdleton oty ewova 10.12. Onwg kot mponyovpévms, T onpeios TOV TPLOV KOUTLADV TOL
VTOJEIKVOOVV TO TEAOG TNG EAUGTIKNG TOVG TEPLOYNG AVTIOTOLYOVV otV idta mapapdpewot. E&attiog g
yxpnong tov explicit solver n {dvn xatdppgvuong Tov povieAomompévov keAbeovg Eekvaetl vopitepa amd
OTL TV JOKIUi®V, TO UEYIGTO QOPTIO €lval LEYOADTEPO €V OKOUN T KOUTOAN TOV OLOKATEXETOL OTd
SloKvpaveels. AKOUn, N HECT T TOV QOPTIOL TV JOKIU®OV 6TO TAATO Elval ELAPPDG LEYAADTEPT A0

EKEIVT] TOV LOVTEAOTIONUEVOD KEADPOUG.

ZOYKPLoT TS KATAPPELONS TMOV HOVTEAOTOUHEVOV KEAVPAV KUl TOV SOKIPi®V

H xotdppevon Tov LOVTEAOTONUEV®Y KEADQ®V PEPEL TOAAEC OLLOLOTNTEG LE EKEIV TV doKiUimY, TapOAO
7oV VPioTOVTOL O10POPEC. Ot EGEG KOl TO VAL TMV GTPOGEMYV TV OOKIUIOV OVTIGTOLYOVV GE UEYAAO
Babpod ota @OALL TOV LOVTELOTOMUEVOL KEADPOLE TOV KAUTTOVTOL ECOTEPIKA N TEPLEAICCOVTAL EEWTEPIKA
oV keEAVPoVGS. H dwrypapn tov ototyeiov eumodilet Tov oynuatiopd peydimv oe pnkog OALov. H yprion
€VOG GTOLYEIOV Y10l TNV TPOGOUOIMGCT) TOV TOLYMUATOG TOV KEADPOLG KATA TAYOG £XEL (O ATOTEAEGLOL VOL LTV
glval €QIKTN 1 EUEAVIOT] UINYOVIGUAOV KOTAPPEVCTG OTMG 1 OTOKOAANGT KOl O GYNUATIGUOG TNG KOPLUG

POYUNG, KaBdG emiong Kol 1 HOPPN LovITOPLOD KoTé TO TEAOG TNG CLUMIECNG TOV LOVIEAOTOUUEVOD
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keAOPovg. Katd t Ao&n edption (kat extdg g mepintmong tov 3°), ta ¢UAAL Kol 01 OEGUESG GTPDOCEMY
TOV HOVTEAOTOMUEVOD KEADPOLG Kol TOV SOKIMV KAUTTOVTOL Kol TEPLEAIGGOVTAL KOTA TOV 1510 TPOTO,
1060 OTNV 0pLoTEPT], 000 Kol ot 6e&1d Thevpd avtov. Ewdwd omyv mepintwon e yoviag tov 22°, 1
EKTETAUEVT] KAUYT) TV dokipiov £xel Tpocopolmbel e peydro Pabud. Xe kabe nepintmon, Exovv emiong
TPOGOLOIDOEL 01 KOpLeg pOYUEC AVALESOH OTA QPUAAN TOV OTPOCGE®V, YGpN oIV KATAAANAN Storypagn

OTOYEI®V TOV LOVIELOTONUEVOL KEAVPOCG.

Agikteg aglordynong

Mo, apiBuntikny tpocopoioon Oempeitar akpiPfig av 1 omodkAlon petald TV deIkTOV 0El0AdYNoNg
EVEPYELG, KAl GUYKEKPIUEVO, TOV LEGOV POPTIOV, TNG ATOPPOPNONS EVEPYELNG KO TNG EWOIKNG ATOPPOONONG
EVEPYELNG, TG TPOCOUOIMOTG Kot ToL mepduatog dgv vepPaivetl to £10%. O mivokag 12 mapovotdlel Toug
delkteg a&loAdynong Tov kabe povielomompuévon KeAHEOLS, Kabmg emiong Kot Tov PéGo Opo TOLS Yo T

doxipa, yuo Kabe yovia eOpTiong, OT®MG Kol TNV andKAGoT LeTaED TPOCOUOIMoTG KOl TEPALATOG.

[Mopatnpeitar 6TL 1 amdKAoN TOL HEGOL QOPTIOV, TNG AMOPPOPNONG EVEPYEWNG KOl TNG ELOIKNG
amoppdPNoNG evépYELNg Yo kdBe yovia edptiong ivon Aryotepo amd +10%. Amd v GAAN, 1 amdKAoN TG
TIUNG TOV PEYIGTOV PopTiov Kupaivetal amd 16,898% (yovia eoptiong 7°) puéxpt 82,676% (yovia popTIong
12°). Avtictouya pe TO HEYIGTO POPTIO TV SOKIUI®Y, TO LEYIGTO POPTIO TOV KEADPOVG OV VITEGTN A&OVIKN
KATOPPEVG €YEL TOAD WEYOAVTEPN TN OO OMOONTOTE T WEYIOTOV (OPTIOV TOV KEADPOLC
ovumieopévovr vd yovia. H amdkiion otig Tiég Tov UEYIoTOL QOoPTIoOv TV JOoKIOV Kol TOV
LOVTEAOTIOINUEVOV KEAQ®V givar avapevopevn egattiog g ypnong tov explicit solver. Exiong, n ypnon
€VOG OTOLEIOV YO TNV TPOCOUOIMOCT TOV TAYOVG TOV KEAVPOVG GUVTEAEL OTNV OMOKAIOT, [0 KOt
UNYOVIGUOL KATAPPELONG OTMG 1 OTOKOAANGT] OEV UTOPOLV VO, TPOGOLOI®O0UV. AKOun, 1 HEYIGTN TIUN
TOV @OpPTioL TV SoKIWimV emmpedleTol om0 EAATTOUOTO TOL VAIKOD, TO OTOi0. OEV UTOPOVV Vo
npocopolwbovv. EEattiag g €£dptnong tovg amd TO HEYIOTO (OPTIo, M amdd0cT TG OLVAUNG

KATAPPELONG KO O OEIKTNG OUOLOYEVELNS POPTIOL TAPOLGLALoVV emiong LEYOLEG ATOKAICELS.

H amdérxAiion g Tyng tov pésov eoptiov kvpaivetor amd 0,741% (yovia edptiong 7°) o€ 9,153% (yovia
@optiong 0°), n amdKAoT ™G amoppoenong evépyetag amd 0,262% (yovia eoptiong 7°) oe 9,638% (yovia
eoptiong 12°) kot n amdKAoN TG €WK amoppoenong evépyewag and 0,493% (yovia edptiong 7°) ot
9,831% (yovia @optiong 12°). Eival guoovic 1 €yyutnta tov TGV TV TPoovagepféviav deiktdv
a&10AdyNoNG OTNV TEPITTOOT TNG YOVING POPTIONG TOV 7°. ATO TN GTIYUN OV Ot deikTES 0EI0AGYNONG TOV

oyxetilovror pe v amoppodenon g evépyelag eivar Ayotepo amd £10%, ta amoteAécpoTa TNG
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mpocopoinong Bewpovvral axpiPn. H amdkAion tov Tapamdve SEKT®V eVOEYETAL VO OPEIAETAL GE OTEAEIEG
TOV VAKOD TOv JoKimv, OT®MG Kol 6T0 OTL GTNV TPOCOUOIoTn dev TEPIAAUPAvVOVTOL UNYoviGHol
KATAPPEVONG OTMG 1 OMOKOAANON KOL O GYNUOTIGHOG TNG TPLYOVIKNG GONVOG, KABDS Kot oty advvopio
TPOGOLOIMOTNG TNG CLUTVKVMGTC TV dokiuinv eSattiog g dtoypaeng ototyeiny. AkOun, T0 YeYovog 0Tl
0l TIPEG TOV TOPAPETPOV TToL Ppébnkav pe tn pnébodo trial - and - error 8¢ petafdAlovtal pe Thv aAlayn
™G YoViog pOPTIONG, OTTMG KOl 1] EVOICONGIN TOL KMOUKO, EVOEYETOL VO EXNPEACAY TNV ATTOKALIOT] TOV TLHOV

TOV OEIKTOV 0&0AdYN oG,

Ot deixteg a&loAdynong g mpocopoinong emPefatdvovy Tovg deikteg 0EI0AOYNONG TNG TEPALATIKNG
dwdwacioc. H Ao&n @option ennpedlel TV KavOTNTO ATOPPOPNONG EVEPYELNG TOV KEADPOVS, EVMD M
avénomn g yoviog QOPTIoNG cuvendyetor Uelmon TG TIUAS TOV OEKTOV TOv HEGOL QOPTIOV, TNG

aToPPOPTONG EVEPYELNG KOL TNG ELOIKNG ATOPPOPNONG EVEPYELOC.

Kpiowyn yovia goptiong

Aappavovtag vToy”n TV KATAppeELST TOV KEALPDOV, TV SL0YPOUUAT®V QOPTIOV - HETATOMIONS KOl TOVG
delkteg aE0AdYNoNG 0G0 0POPA TOGO TNV MEPAUATIKT dadkacio GO Kot TNV TPOGOUOImGT), LTopel va
e&aybel to cvumépacpa 6T 1 Kpion yovia eoptiong eivat ot 12°. H kpioyun yovia givar n yovia poptiong
KaTé TNV 0Toia 1 Katdppevon Tov SoKyiov Tadel vo Holdlet pe v a&ovikn KaTappevoT), aAld TAEov N
Kapym vaeptepel. Ot HOPPES TOV KEAVGDV TTOV £Y0VV KOTOPPEVCEL, TOGO TOV JOKIUIOV 0G0 Kol TOV
LOVTELOTOINUEVOD KEADPOVG, deV TapoLG1AlovV 110ATEPA YOPAKTPIGTIKE TOV CYALUATOC HOVITAPIOD, EVA
N Képym tov eUAL®V Tovg glvat £vtovr. Xto Sdypappa eoptiov - petatdmiong (Ewdva 6.48), n tipun tov
@optiov ™G LMVNG KATAPPEVOTG LELDVETOL ATOTOWN OGO aPOPa 1 Yovia Tov 12°, o oyéon Le TN TIUN TOV
@optiov mov oyetiletarl pe T yovia tov 7°. Avti 1 peiwon tov eoptiov oyetileton pe v avénomn g
KApuyMe tov @OAA®V TOU KEADQOULG. AKOUN, 1 OXETIKO OTOTOUN UEIMON TOV TWHOV TV OEKTOV
a&L0AOYNONG, E101KA TOL LEGOV POPTION KOl TNE EWIKNE AToppdPNONG EVEPYELNS, EVIGYVEL TO YEYOVOS OTLT

Kpiown yovia eoptiong etvon  yovia tov 12°.

Yopunepaocpato

H mapodoa epyacia egetdler v katdppevon CFRP cwinvoeddv keAQdV KUKAKNG d1Toung mov

VROKEWTOL O€ Olovel - otatikny Ao&n eoption. [paypotomodnke HOKPOCKOTIKY KOl CTEPEOGKOTIKY|
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OlEPEHVION TOV UNYOVIGUAOV TNG KATAPPEVONG KOl VTTOAOYIGTNKAY 01 OeiKTEG AELOAOYNONG, LLE OTMOTELEGLOL
Vo TPOGOI0PIOTEL 1] EMPPON TNG YOVIOG POPTIONG OTNV KOTAPPELOT TV doKipimy. Emiong, avamtiydnke
apOunTikn Tpocopoinon oto Aoyioutko Ls - Dyna. Ot entd yovieg poptiong ftav o1 0°, 3°, 7°,12°, 17° ko
22°.

H xatdppevon 6 mv tov doxyiov ntav tpoodevtiky. To oyfua povitaptod mov yopaktnpilel Tov TpdTo
Tpémo katdppevong (Mode 1) eivor eppavig oy mepintwon g a&ovikng oOpTIoNg, OTwG Kat g Ao&ng
@optiong Vo yovia 3° kot 7°. Onmg givorl avapuevopuevo, kotd ) AoEn OpTioT amovctdlel 1 cuppeTpio
oL YopaKTNPIlEL TO GYNO LOVITAPLOD GTNV TEPITTOON TS aEovikng eoptionc. Otav 1 yovia opTiong

glvai 12° | mopamdvo, 1 Ky Kopropyel Katd Ty Katdppevon.

H xopa poyun tov doxipiov otnv omoio oynuatiletor n tpIy®viky cenva exnpealetal amd ) yovio
QOPTIONG. ZVYKEKPUYEVO, OTNV TEPIMTOON NG aEOVIKNAG CLumieong | TG cvumieong vod yovia 3°, 1
TPLY®VIKN 6PNve oynUaTileTon mepimov 6To PEGO TOV ThYOVE TOL OOKIUIOV, [LE AMOTELECLLO, VO, TPOKVTTEL
(mepinov) ic0g aplBpdg ecmTEPIKA KOl £MTEPIKA KAPPOEVTOV PUAL®V oTpdcewy. H avénomn g yoviog
QOPTIONG £XEL MG OMOTELECUO TOV GYNUOTIOUO TNG TPIYOVIKNG CONVOG TO KOVTO GTNV ECMTEPIKN 1
eEMTEPIKT EMPAVELDL TOV OOKIUiOV, OVAAOYO UE TO TOLO EMLPAVELD EPYETAL TPDOTI OE EMAPY UE TNV
KWVOULEVT] TAGKO. ATOTEAECUATIKG, O OPOUOC TOV KAUPOEIG®Y OECUMY OTPAOCE®V TOL KAUTTETOL
E0MTEPIKA KAl €EMTEPIKE TOV JOKIUIOL StopEPEL. XTa dOKipo Tov VIOKEWTAL 6 A& OpTion 12° 1

TOPATAV®, 1) TPLYOVIKT GONVO ATOVGIALEL LEPIKADG 1| TANPOG.

Tao, droypappate QopTiov - HETOTOTIONE TV SOKIUI®V TOV VIOKEWVTAL GE aEOVIKT QOPTION Tapovctdovy
o100 TéG dropopég e Ta avtioToryo SlaypAUUaTe TV SOKILI®MV Tov VIOKEWTOL o€ Ao&| eopTion. XV
TPOTN TEPINTOON M TWH TOL UEYIGTOV POPTiOL €lvorl TOAD HeyoADTEPN OO TO HECO QOPTIO, EVD
EMTLYYAVETOL AlYO PETA TNV €vapén TG ovumieons. AvTtod elval omoTELESUA TNG TAVTOYPOVNG GGKNOTG
SOVOUNG o€ OAT TNV TEPLPEPELD TNG KOPVPNG TOV SOKIUIOV, KOl GUVETDC GTOV TOAVTOYPOVO GYNUATIOLO TOV
APYIKOV pOYUOV 6€ KABe Tunpo TG Tepleépetoc. Avtifeta, kotd v mepintmon g Aoéng edptions, N
ETOLPT TNG KIVOOUEVNC TAGKOG LLE TNV KOPLET] TOL SOKIHIOV, KO KOTE CUVETELN O GYNLOTIOCUOS TWV OPYLIKOV
POYU®V YivovTol oTOdKA. ATOTEAECUATIKA, 1] T TOV UEYIGTOL POPTIOL dev EEMEPVAEL TOAD (LT TOV

pécov.

H otadioxn emaen g Kivoduevng mAdkag e To SoKipo pmopel va Teptypapel 6To didypappa poptiov -
LETATOMIONG MG LETAPOTIKY TTEPLOYN. AVTN N TEPLOYN EEKIVAEL OTAV Ol TPDOTEG POYUEG OVOTTUGGOVTIUL GE
éva onpeio Tov doKIUioV OTOL TPOTOEPYETOL 1) KIVOVUEVT] TAGKO GE EMOPT UE OLTO, EVD GTO SUALYPOLLLLOL
(QOpTiOV - peTOTOmIONG Uropel va mapatnpnel aAlayn g KAicemg ¢ kapmdAng. H petafatikn meproym

TeEAELDVEL OTaV A TO OMPElD TG TTEPLPEPELOG TG KOPLPNG TOV dokiiov Exouv €pBel oe emapn e TV
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TAGKO KOt €yel EEKIVIOEL 1| TAACTIKY] TOVG Tapapdpewot. Oco avédvetar n yovio edptiong, TG0

OVEAVETOL KOl 1 LETAPOTIKY TEPLOYN.

Ol 0TEPEOCKOTIKA EUQAVEIC UNYOVIOHOl KaTdppevons, Om®MG 0 GYNUOTICUOS TOV POYUAOV KOl 1
OTOKOAANGN TOV CTPAGE®V, AVATTUGGOVTOL KOVTA 6T0 HUETOMO KaTappevons. Ta eOALL 6TpdoEDY TOV
£PYOVTOL GE ETOPN WLE TNV KIVOVUEVT TAAKA £XOVV VITOGTEL TEPLoTOTEPT Bpardon and ta vdAoma, e&ottiog
™G TPIPNG TOL AVOTTUGGETOL HETOED TV OVO EMIPAUVEIDY. LTO EGMOTEPIKO TOV JOKIUIOV, TO VAIKO TOL
CLGOMPEVETAL KOVTO GTU TOLYOUATE TOL vPioTaTon peYaArdtepn Opadon amd ekeivo 610 KEVIPO TOV,

eEattiog g emmpdobetng Tieong mov acKeital amd TO TOLYDUOTOL.

H tun tov deiktn a&oddynong tov péyiotov @optiov Yo kdbe mepintmon Ao&Ng optiong eivar TOAD
UIKPOTEPT A0 TNV AVTIoTOYYN T TNV TEPITT®ON TG aEOVIKNC POPTIONG. AVTO GUVERAYETAL OTL OV TNV
nepimTmon ¢ aoViKng eOPTIoNG VOGS SOKIIIOD TO LEYIGTO POPTiO Elval KATM a0 [Lid OPLOKT TULY, OUTH
N oplakn TN dev mpokeltal va Eemepaoctel Yo kGbe mepintmon AoENg GOPTIONG TOL 1010V JOKIiOL.
Emumiéov, n amdkAion HeTa&d TV TILOV TOL HEYIGTOV QOPTION TV AEOVIKA POPTIGUEVOV doKIimV gival
ooOnTd peyaddtepn amd TV andKAIoT TOV OVTIIGTOI(®OV TIULOV TOV SOKIW®OV Tov LIoKeEWTIl 68 Ao&n
@OpTIoT LTO TNV 1d10 YoVvia. AVTo gival ATOTELEGHLA TG TOVTOYPOVIG GIOKNONG TOV OTAPAITTOL POPTIOV
Y10 TOV GYNUOTICUO TV OPYIKOV POYUOV G OAN TNV TEPLPEPELD TNG KOPLONG TOv doKipiov. H péon tyun
TOV HEYIOTOL POPTIOL TV doKipioy oL VIEsTNoaV POpTIon LId ywvia 22° gival to 17,88% g péong

TIUNAG TOV PEYLGTOV POPTIOL TV AEOVIKG POPTICUEVOV SOKIUI®V.

H T tov pécov goptiov PEIDOVETAL GTUSIOKA LE TNV 0OENCT TG YOVIOG QOPTIONG, EVA IO LEYUADTEPT
TIUY] TOV GUYKEKPLUEVOL OEIKTN VIOSNADVEL LEYOADTEPT KAVOTNTA amoppoenong evépyetoc. H otadaxn
peimon tov HEGoV POPTIOV OQEILETOL OTN GTOOLOKY] OVTIKATAGTOOT] TOV UNYXOVICUMV KATAPPELONG TOL
oyetiCovTal pe PeyoldTePT AGKTON GOPTIOL Ao TV KIvoOUEVN TTAGKA (TPLY®OVIKT GOV, TEPIEAMGCOUEVQ,
QUALOL OTPMOEMV) UE UNYOVIOUOVG 7OV amaitobv Alydtepo @optio (kapym @OAA@V otpocemv). H
TPoovVoEEPHEICH AVTIKOTAGTACY] ATOTVITAOVETOL 1O10UTEPO OTN LEIMGT TOL HECOVL QPOPTIOL WETAED TV
YoVIOV eopTiong TV 7° kot tev 12°. H tiun tov pécov @optiov yia £va S0KILo Tov VITOKETOL GE POPTIOT

1o yovia 22° givar 10 36,84% tng avtiotoymng Tipns Yo £va aovikd cupmesuévo dokipLio.

O odeiktmg ™G amoppdenone evépyelog €£apTdTol a0 TO UAKOG TOPUUOPPEOONG TOV KEALQOV
aroppdenong evépyelns. 'Etol, og mepintoon 6mov 10 uKog mapapdpemaons dapépet ota e&etaldpeva
KEADON, OT®G GLVEPN GTIV TaPOVGA EPYUTin, O CLYKEKPIUEVOS delKTNG Oev gival o0 agidmicTog. Agiyvel,
®OTOGO, TMG 1 AENCN TG YOViag POPTIONG 0dNYEl o€ Hel®OT TOL S100EG1ILOV PHKOVG TOPALOPP®CNG, KOl
GUVETMG GTN SLVOTOTNTO ATOPPOPNONG LKPITEPOL TOGOV eVEPYELNG. O delikTng TG EWOIKNG amoppOPNONG

evépyelag elvar mo agidmotoc. H avénon g yoviag poptiong £xel o¢ 0moTéEAEGHO Lel®OT TG TG TOVL.
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YuyKeKpLéva, 1 EWOIKN amoppodPNoN EVEPYELAS Y1 £va dOKILO DTTOKEIIEVO GE POPTIoN VIO Yovia 17° eivan
TePITOL 1N oM €vOG AEOVIKE POPTICUEVOL JOKIULIOV. ZUVETMOG, 1| AOENCT TNG YOVING OPTIONG LELDVEL TV
KavOTNTOL OTOPPOPNONG EVEPYELNG €VOG KEADPOLS, €&ortiag 1Trng OTAdloKAG OVIIKOTACTAONS TOV

UNYOVICUAV KOTAPPELGNC, OTMS OvapEPONKE TAPATAV®.

O d¢eiktng ™G amddooNS TG SVVOUNG KATAPPEVGNG TOV KEALPAOV AIOPPOPTONG EVEPYELNG TOV VITOKEIVTOL
o€ Lo&N POPTION EYEL LYNAOTEPN TIUY] OO TNV EKEIVOV TOV AEOVIKA POPTIGUEVAOV KEAVQOV, LIE ATOTELEGLLOL
va oyetiletal pe Ayotepec aAlayég oty emPPAdLVeT, Gpo. Kot AMyoTepe TOUVOTNTEG TPAVUATIGUOD TOV

OVYEVO 1) TOL KEPAALOD TOV EMPAVOVIOV GE Eva Gy L.

H apBuntikn tpocopoimon mov avantdydnke arotunmvel o peydio Padud to meipapa. O oynUaTIGHOC
TOV EOUAAOV GTPOGEDY TOV LOVTEAOTOUNUEVOD KEAD(POLE KO 1] KALWYT TOVG KOTA TNV KATAPPELGT HoLaleL
0€ PEYAAO Babuo Le Toug avTioTOLY0VE UNYOUVICHOVE TTOL avarTOYONKaV 6To dokio. ZuyKeKpyéva, oTnV
TEPIMTOON NG YOVIAG QOPTIoNG TV 22°, 1M KAUWYN TOV HOVTEAOTOINUEVOL KEADPOLC elval dwaitepa
aoOnt, opolmg pe v Kapym tov dokiiov. Ot KVPlEG POYUES MOV OVAMTUGOOVTOL GTO OOKipo

amekovilovTtol ¢ Sloypoppéva oTotyein AVAUESO GTO PUAAN TMV LOVIEAOTOUNUEVOV KEAVQDV.

Ot KopumOreg @optiov - HETOTOMIONG TNG MPOGOUOIMONG TaPOVCLALoVY TOAAEC OUOWOTNTEG UE TIG
avtioToreg KaumouAeg Tov dokipiov. H popen tovg eivor movopoldtuny, cuUTeEPAAUPAVOUEVOV TG
HeTaBaTIKng TEPLOYNG Kat Tng {ovng katdppevons. Ot TYHEG TOL POPTION TOV HOVIEAOTOUEVOD KEADPOVG
ot {dvn Kotdppevong sival yevikd KOVIQ OTIC OVTIGTOES TIHES TOV KAUTVADY TOV SOKIUIOV, oV Kot
€VTOVEC SLOKVUAVGELS UTTOPOVV VO, Tapa T PN 000V, OT®S Kot TOTIKG 0uENUEVES TILEC TOL (OPTIOV. AVTEC Ol

dapopés givan ovapevopeves, kKupiog e&artiog g ypnong tov explicit solver.

H omoxhion peto&d tov deiktav agloddynong tov HEGOV POPTIov, TN AmopPPOPNONG EVEPYELNS KL TNG
EOIKNG amoppOPNONG EVEPYEWNG TNG TMPOGOUOIMONG KOl TOv TEPApaTog eivar Aryotepn amd £10%,
KAOGTAOVTAG TNV TPOGOUOIMOT aKPLPT]. ZVYKEKPILEVA, OGO OPOPE TN YwVia OPTIONG TOV 7°, 1 ATOKAION
TOV Toponave dsiktav agtoAdynong dev vrepPaivel o 1%. EmPefordverar 6t n avénon tng yoviag
QOPTIONG £YEL WG OMOTEAEG LA T LEl®OT) TNG TIUNG TV TPOUVAPEPHEVTMV SEIKTMV, KOl KATE GUVETELL TNG
KavOTNTOG AmoppOENoNG evépyelag Tov KeAvpmv. H andkiion tov dgiktn Tov péyiotov goptiov eivat
aentd peyddn. Xe ovtd oeeiletar n ypnon tov explicit solver, n ypnon &vég otoyeiov Yoo v
TPOCOLOIMOT] TOV TAYOVS TOV JOKILIMV Kot 0 1Wavikég cuvOnKeg TG Tpocopoimong, evd eEattiag avTdV
TOV ATV 1 andkAon NTov avopevopevn. Emmiéov, amodeikvoetat 0t ) ¥pnon evog GTotyeiov yio Ty
TPOCOOIMOT] TOV TAYOVG TOV KEAVO®V OeV €lval KATOAANAN Yo TOV akpP VTOAOYIOUO TOL HEYIGTOV

@opTiov.
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H «xpiowyn yovia edptiong, Katd v omoia ta KEADPN eV VTOKEWTOL TAEOV GE TPOOSEVTIKT] KATAPPEVLOT)
(Mode 1) aAld o€ katappevon Aoyw kapymg, eivar n yovio tov 12°. Ot Tiég TV SEIKTOV TOVG TOV HEGOV
(OPTIOV KOt TNG EOIKNG AmoppoPNong evépyelag eival aontd youniotepeg and ekeiveg Tov aPopovY

doKipe oV VTOKEWTAL GE POPTIGT VIO YVvia 7°.

MerhovTiki) orepevvnon

Kotd 1t Sudpkelo €KmOVNONG TNG GULYKEKPLUEVNC €PYOGIOG TTPOEKLYOV TPOTAGELS Yo UEALOVTIKY|
O1EPEBVION TNG CLUTEPLPOPAS TOV KEAVQOV OIOoppOPNoNG EVEPYELNGS TOV VITOKEWVTOL GE AOEN GLUTIED.
e avTég mephapPAvoviat Ol TEWPAPATIKES SOKLUEG GE KEAD(T SLOPOPETIKNG YEMUETPIG, TUVOETOL LALKOD,
dloTpopdToong N pue dmopén Unyovicpov mov vo gvepyomotel kot va kabodnyel v Kotdppevon
(triggering). Emiong, dtopopetikég TEpapaTIKéS TeXVIKES Ba pmopovoay va gEetactody, Onmg 1 xphHon
ovpag N papdov split — Hopkinson yia tn diepedvnon g duvapiknig eoptiong. Emmpdcdeta, ) dielaymyn
UIKPOOKOTIKNG 0VAALGOTG B0l LITOpOoVGE VO GUVTEAEGEL GTI LEAETN TV UNYAVICUOV KATAPPELGNC, OTT®S Y10l
TapAdELYa TG TPLy®VIKng oprvas. Oco apopd v Tpocopoinon oto takéto Ls - Dyna, ) avantuén evog
TO AETTOUEPOVS HOVTELOV B pTopovce va TPocPEPEL o axpiPn amoteAéopata. Ot GTPMOCELS TOL VAIKOD
0o umopovoav va Tpocopolmbody Eexmplotd, |E OTOTEAEGHO VO LOVTEAOTOLEITOL 1) OTOKOAANON TMOV

GTPMOEMV.
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Appendix D: Table of Figures

Figure 1.1: Statistics regarding road vehicle traffic and related injuries

Figure 1.2: Old and new front end vehicle structure.

Figure 1.3: Progressive failure of a specimen (mode I).

Figure 1.4: Brittle fracture of a specimen (mode I1) and final view of it after the collapse.
Figure 1.5: Progressive folding of a specimen (mode I11).

Figure 2.1: Geometry of the square tubes used by Mamalis et al.

Figure 2.2: Cylindrical tubes used by Zhou et al.

Figure 2.3: Oblique loading (lsaac)

Figure 4.1: Classification of composite materials

Figure 4.2: Unidirectional fabrics

Figure 4.3: Twill weave

Figure 4.4: Hand lay - up method

Figure 4.5: Spray - up method

Figure 4.6: Vacuum bag molding

Figure 4.7: Resin Transfer Molding

Figure 4.8: Formation of the debris wedge

Figure 4.9: Modelling of a tube’s bevel trigger

Figure 4.10: Typical load - displacement graph of a FRP tube failing according to mode |
(progressive crushing).

Figure 4.11: Experimental and simulated stages of the collapse of a tube reinforced with
polyurethane foam.

Figure 5.1: Tension coupons 1 and 2 before tensile test is conducted

Figure 5.2: Tension coupons 1, 2 and 3

Figure 5.3: Detail of tension coupon 1

Figure 5.4: Detail of tension coupon 2

Figure 5.5: Detail of tension coupon 3

Figure 5.6: Load - tensile extension graph for the first coupon

Figure 5.7: Tensile stress - tensile strain graph for the first coupon
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Figure 5.8: Load - tensile extension graph for the second coupon

Figure 5.9: Tensile stress - tensile strain graph for the second coupon
Figure 5.10: Load - extension graph for the third coupon

Figure 5.11: Tensile stress - tensile strain graph for the third coupon
Figure 5.12: Base for the specimens

Figures 6.1a - h: Stages of collapse of tube 1a

Figure 6.2: Front view of collapsed tube 1a

Figure 6.3: Top view of collapsed tube 1a

Figure 6.4: Bottom view of collapsed tube 1a

Figure 6.5: Compressive load - compressive extension graph for tube 1a
Figure 6.6: Compressive stress - compressive strain graph for tube 1a
Figure 6.7a - h: Stages of collapse of tube 2c

Figure 6.8: Front view of collapsed tube 2c

Figure 6.9: Top view of collapsed tube 2¢

Figure 6.10: Left view of collapsed tube 2c

Figure 6.11: Bottom view of collapsed tube 2c

Figure 6.12: Right view of collapsed tube 2¢

Figure 6.13: Compressive load - compressive extension graph for tube 2¢
Figure 6.14: Compressive stress - compressive strain graph for tube 2c¢
Figure 6.15a - h: Stages of collapse of tube 3b

Figure 6.16: Front view of collapsed tube 3b

Figure 6.17: Bottom view of collapsed tube 3b

Figure 6.18: Left view of collapsed tube 3b

Figure 6.19: Top view of collapsed tube 3b

Figure 6.20: Right view of collapsed tube 3b

Figure 6.21: Compressive load - compressive extension graph for tube 3b
Figure 6.22: Compressive stress - compressive strain graph for tube 3b
Figures 6.23a - h: Stages of collapse of tube 4c

Figure 6.24: Front view of collapsed specimen 4c

Figure 6.25: Bottom view of collapsed specimen 4c
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Figure 6.26: Left view of collapsed specimen 4c

Figure 6.27: Top view of collapsed specimen 4c

Figure 6.28: Right view of collapsed specimen 4c

Figure 6.29: Compressive load - compressive extension graph for tube 4c
Figure 6.30: Compressive stress - compressive strain graph for tube 4c
Figure 6.31a - h: Stages of collapse of tube 5¢

Figure 6.32: Front view of collapsed specimen 5¢

Figure 6.33: Bottom view of collapsed specimen 5¢

Figure 6.34: Left view of collapsed specimen 5¢

Figure 6.35: Top view of collapsed specimen 5¢

Figure 6.36: Right view of collapsed specimen 5¢

Figure 6.37: Compressive load - compressive extension graph for tube 5¢
Figure 6.38: Compressive stress - compressive strain graph for tube 5¢
Figures 6.39a - h: Stages of collapse of specimen 6b

Figure 6.40: Front view of collapsed specimen 6b

Figure 6.41: Bottom view of collapsed specimen 6b

Figure 6.42: Left view of collapsed specimen 6b

Figure 6.43: Top view of collapsed specimen 6b

Figure 6.44: Right view of collapsed specimen 6b

Figure 6.45: Compressive load - compressive extension graph for tube 6b
Figure 6.46: Compressive stress - compressive strain graph for tube 6b
Figure 6.47: All the compressed tubes.

Figure 6.48: Compressive load - compressive extension graph regarding the loading angle
Figure 7.1: Graph of the PCF of each case

Figure 7.2: Graph of the AE of each case

Figure 7.3: Graph of the MCF of each case

Figure 7.4: Graph of the SEA of each case

Figure 7.5: Graph of the CFE of each case

Figure 8.1: 0 deg. loaded specimen. The material ring formed between the inwards and

outwards bent fronds is evident
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Figure 8.2: 0 deg.

loaded specimen.

bent lamina bundles are apparent.

Figure 8.3: 0 deg.
Figure 8.4: 0 deg.

loaded specimen.

loaded specimen.

bent lamina bundles are apparent.

Figure 8.5: 0 deg.
Figure 8.6: 0 deg.
Figure 8.7: 3 deg.
Figure 8.8: 3 deg.
Figure 8.9: 3 deg.

loaded specimen.
loaded specimen.
loaded specimen.
loaded specimen.

loaded specimen.

The compression and fragmentation of the inwards

Peripheral section.

The compression and fragmentation of the inwards

Peripheral section.

Peripheral section.

Peripheral section.
Peripheral section.

Peripheral section.

Figure 8.10: 3 deg. loaded specimen. Peripheral section of outwards coiling fronds.

Figure 8.11: 3 deg. loaded specimen. Peripheral section.

Figure 8.12: 3 deg. loaded specimen
Figure 8.13: 7 deg. loaded specimen
Figure 8.14: 7 deg. loaded specimen
Figure 8.15: 7 deg. loaded specimen
Figure 8.16: 7 deg. loaded specimen

bundles.

Figure 8.17: 7 deg. loaded specimen

. Peripheral section.

. Detail of a crack formed on the base of the specimen.
. Peripheral section.

. Detail of the inwards bent lamina bundles.

. Interface between inwards and outwards bent lamina

. Peripheral section.

Figure 8.18: 7 deg. loaded specimen. Peripheral section.

Figure 8.19: 12 deg.
Figure 8.20: 12 deg.
Figure 8.21: 12 deg.
Figure 8.22: 12 deg.
Figure 8.23: 12 deg.
Figure 8.24: 12 deg.
Figure 8.25: 17 deg.
Figure 8.26: 17 deg.
Figure 8.27: 17 deg.
Figure 8.28: 17 deg.

loaded specimen.
loaded specimen.
loaded specimen.
loaded specimen.
loaded specimen.
loaded specimen.
loaded specimen.
loaded specimen.
loaded specimen.

loaded specimen.

The debris inside is evident.

Peripheral section.

Peripheral section.

Peripheral section.

Peripheral section.

Point of starting existing outwards coiling fronds.
Peripheral section.

Peripheral section.

Detail of inwards coiling frond.

Point between completely inwards bent fronds and

beginning of the existence of outwards coiling fronds.
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Figure 8.29: 17 deg. loaded specimen. Peripheral section. 89
Figure 8.30: 22 deg. loaded specimen. Peripheral section. 90
Figure 8.31: 22 deg. loaded specimen. Peripheral section. 90
Figure 8.32: 22 deg. loaded specimen. Peripheral section. 91
Figure 8.33: 22 deg. loaded specimen. Outwards bent lamina bundles. 91
Figure 8.34: 22 deg. loaded specimen. Detail of fracture of the fibers. 91
Figure 8.35: 22 deg. loaded specimen. Detail of conflicting inwards bent fronds. 91
Figure 8.36: Coupon used for defining tubes' thickness and layering. 93
Figure 9.1: The assembly of the two rigid plates and the tube, in the case of axial loading. 98
Figure 9.2: The top plate that corresponds to the crashing plate of the UTM. The solid

elements can be observed. 99
Figure 9.3: The tube. The shell elements that it is consisting of can be observed. 99
Figure 9.4: MAT_RIGID_020 card used for defining the plates’ material. 100

Figure 9.5: BOUNDARY SPC_SET card used for fixing the bottom plate’s degrees of freedom. 100
Figure 9.6: BOUNDARY_SPC_SET card used for constraining the five out of six of

crashing plate’s degrees of freedom. 100
Figure 9.7: BOUNDARY_PERSCRIBED_MOTION_SET card used for the movement of

the crashing plate. 101
Figure 9.8: DEFINE_CURVE card used for defining the velocity of the crashing plate. 101
Figure 9.9: PART_COMPOSIRE card used for the tube and specifically the simulation of the

material’s layers. 102
Figure 9.10: CONTACT_AUTOMATIC_SINGLE_SURFACE_CARD used for the tube. 102
Figure 9.11: CONTACT_ERODING_NODES _TO_SURFACE card used for the contact between

the tube and the plates. 103
Figure 9.12: HOURGLASS card. 103
Figure 9.13: CONTROL_TIMESTEP card. 104

Figure 9.14: MAT_ENHANCED_COMPOSITE_DAMAGE_054/055 card used for defining

the tube’s material. 107
Figure 9.15: 30 rotation of the tube and the bottom plate. The same procedure is applied for the

rest of the loading angles. 108
Figures 10.1a - e: Stages of collapse of 0° loaded modelled tube. 110
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Figure 10.2: Compressive load - compressive extension graph for 0 deg loading angle
Figures 10.3a - e: Stages of collapse of 3° loaded modelled tube.

Figure 10.4: Compressive load - compressive extension graph for 3 deg loading angle
Figures 10.5a - e: Stages of collapse of 7° loaded modelled tube.

Figure 10.6: Compressive load - compressive extension graph for 7 deg loading angle
Figures 10.7a - e: Stages of collapse of 12° loaded modelled tube.

Figure 10.8: Compressive load - compressive extension graph for 12 deg loading angle
Figures 10.9a - e: Stages of collapse of 17° loaded modelled tube.

Figure 10.10: Compressive load - compressive extension graph for 17 deg loading angle
Figures 10.11a - e: Stages of collapse of 22° loaded modelled tube.

Figure 10.12: Compressive load - compressive extension graph for 22 deg loading angle
Figures A.la - h: Stages of collapse of tube 1b

Figure A.2: Front view of collapsed tube 1b

Figure A.3: Top view of collapsed tube 1b

Figure A.4: Bottom view of collapsed tube 1b

Figure A.5: Compressive load - compressive extension graph for tube 1b

Figure A.6: Compressive stress - compressive strain graph for tube 1b

Figures A.7a- h: Stages of collapse of tube 1c

Figure A.8: Front view of collapsed tube 1c

Figure A.9: Top view of collapsed tube 1c

Figure A.10: Bottom view of collapsed tube 1c

Figure A.11: Compressive load - compressive extension graph for tube 1c

Figure A.12: Compressive stress - compressive strain graph for specimen 1c

Figures A.13a - h: Stages of collapse of tube 2a

Figure A.14: Front view of collapsed tube 2a

Figure A.15: Top view of collapsed tube 2a

Figure A.16: Right view of collapsed tube 2a

Figure A.17: Bottom view of collapsed tube 2a

Figure A.18: Left view of collapsed tube 2a

Figure A.19: Compressive load - compressive extension graph for tube 2a

Figure A.20: Compressive stress - compressive strain graph for tube 2a
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Figures A.21a - h: Stages of collapse of tube 2b

Figure A.22: Front view of collapsed tube 2b

Figure A.23: Top view of collapsed tube 2b

Figure A.24: Left view of collapsed tube 2b

Figure A.25: Bottom view of collapsed tube 2b

Figure A.26: Right view of collapsed tube 2b

Figure A.27: Compressive load - compressive extension graph for tube 2b
Figure A.28: Compressive stress - compressive strain graph for tube 2b
Figures A.29a - h: Stages of collapse of tube 3a

Figure A.30: Front view of collapsed tube 3a

Figure A.31: Top view of collapsed tube 3a

Figure A.32: Left view of collapsed tube 3a

Figure A.33: Bottom view of collapsed tube 3a

Figure A.34: Right view of collapsed tube 3a

Figure A.35: Compressive load - compressive extension graph for tube 3a
Figure A.36: Compressive stress - compressive strain graph for tube 3a
Figures A.37a -h: Stages of collapse of tube 3c

Figure A.38: Front view of collapsed tube 3c

Figure A.39: Top view of collapsed tube 3c

Figure A.40: Left view of collapsed tube 3c

Figure A.41: Bottom view of collapsed tube 3c

Figure A.42: Right view of collapsed tube 3c

Figure A.43: Compressive load - compressive extension graph for tube 3c
Figure A.44: Compressive stress - compressive strain graph for tube 3c
Figures A.45a -h: Stages of collapse of tube 4a

Figure A.46: Front view of collapsed tube 4a

Figure A.47: Top view of collapsed tube 4a

Figure A.48: Left view of collapsed tube 4a

Figure A.49: Bottom view of collapsed tube 4a

Figure A.50: Right view of collapsed tube 4a

Figure A.51: Compressive load - compressive extension graph for tube 4a
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Figure A.52: Compressive stress - compressive strain graph for tube 4a
Figures A.53a -h: Stages of collapse of tube 4b

Figure A.54: Front view of collapsed tube 4b

Figure A.55: Top view of collapsed tube 4b

Figure A.56: Left view of collapsed tube 4b

Figure A.57: Bottom view of collapsed tube 4b

Figure A.58: Right view of collapsed tube 4b

Figure A.59: Compressive load - compressive extension graph for tube 4b
Figure A.60: Compressive stress - compressive strain graph for tube 4b
Figures A.61a -h: Stages of collapse of tube Sa

Figure A.62: Front view of collapsed tube 5a

Figure A.63: Top view of collapsed tube 5a

Figure A.64: Left view of collapsed tube 5a

Figure A.65: Bottom view of collapsed tube 5a

Figure A.66: Right view of collapsed tube 5a

Figure A.67: Compressive load - compressive extension graph for tube Sa
Figure A.68: Compressive stress - compressive strain graph for tube Sa
Figures A.69a -h: Stages of collapse of tube 5b

Figure A.70: Front view of collapsed tube 5b

Figure A.71: Top view of collapsed tube 5b

Figure A.72: Left view of collapsed tube 5b

Figure A.73: Bottom view of collapsed tube 5b

Figure A.74: Right view of collapsed tube 5b

Figure A.75: Compressive load - compressive extension graph for tube 5b
Figure A.76: Compressive stress - compressive strain graph for tube 5b
Figures A.77a -h: Stages of collapse of tube 6a

Figure A.78: Front view of collapsed tube 6a

Figure A.79: Top view of collapsed tube 6a

Figure A.80: Left view of collapsed tube 6a

Figure A.81: Bottom view of collapsed tube 6a

Figure A.82: Right view of collapsed tube 6a
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Figure A.83: Compressive load - compressive extension graph for tube 6a 159

Figure A.84: Compressive stress — compressive strain graph for tube 6a 159
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Appendix E: Table of Tables

Table 1: Dimensions of tension coupons 26
Table 2: Initial fracture magnitudes for tension coupons 31
Table 3: Final fracture values for tension coupons 31
Table 4: Weight and dimensions of the CFRP circular tubes 32
Table 5: Crashworthiness indicators 65
Table 6: Percentage relative range for each group of specimens regarding PCF 67
Table 7: Percentage relative range for each group of specimens regarding AE 69
Table 8: Percentage relative range for each group of specimens regarding MCF 70
Table 9: Percentage relative range for each group of specimens regarding SEA 72
Table 10: Percentage relative range for each group of specimens regarding CFE 75
Table 11: Details of the material layering and thickness 93

Table 12: Crashworthiness indicators of the numerical simulation per loading angle. The
experimental values and the deviation between them are also illustrated. 121
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