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Strength study of the foredeck and reinforcements of composite
construction (Sandwich type) using the Finite Element Method for

marine crane installation
Keywords: Structural design, Strength Analysis, Classification Society, DNV, Yacht,
Marine crane, Finite element analysis, Composite sandwich structure, T-Joint

Abstract

This thesis presents a study on the installation of a yacht crane at the bow weather deck
according to register regulations, by evaluating the strength and structural performance
of the foredeck and reinforcements, using the Finite Element Method (FEM). Three
geometry models are developed to analyze different configurations: Model (A)
representing the existing bow region, Model (B) incorporating a T-Joint reinforcement,
and Sub-Model (C) featuring a defected T-Joint. The two panels (bulkhead and deck)
constitute a T-Joint reinforced locally by GFRP attachment laps at the region of cranes’
installation.

The total deformation, normal and shear stresses, principal stresses, and the safety
factor according to Tsai-Wu failure criterion are calculated. The results show that the
incorporation of GFRP attachment laps at the region of cranes’ installation significantly
reduces local deformations and stresses, resulting in increased safety factor. Model (B),
with the T-Joint, outperforms Model (A) in terms of deformation, stress distribution,
and safety factor. The findings contribute to enhancing the understanding of the
structural performance evaluation of yacht crane installations at the bow weather deck.

By employing Virtual Crack Closure Technique (VCCT) and analyzing Energy Release
Rates, the study provides information on the influence of construction-related defects
on the structural integrity. Within Sub-Model (C), a crack is located between the over
laminated skin and the deck region of the T-Joint. Although fracture-related analysis is
limited but provides valuable information on crack behavior and the potential
implications of defects in a T-joint.

By considering the structural performance and safety aspects, designers and engineers
can make optimum decisions regarding yacht crane installation and proper reinforcing,
leading to safer and more efficient structures.

After extensive research of reliable information in the field of Marine Cranes and in
particular application to yachts made of sandwich composite materials, it was noted
that there is a serious lack of data and studies on this issue. This finding is one of the
reasons why this study was conducted with as much information as possible included.
Therefore, this study is based on data and guidance provided by the classification
societies and rules of offshore structures.
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MEeAET avToymG TOL TPOPAIOL KOTOGTPDUOTOS KO EVIGYVTIKOV 0UTO
ovvhe Katackevr| (tumov Sandwich) pe yprion g Mebodov v
[enepacuévav Zrotyeimv yio v tomofétmon yepovon

Ag€erg Khewdra: Structural design, Strength Analysis, Classification Society, DNV,
Yacht, Marine crane, Finite element analysis, Composite sandwich structure, T-Joint

MepiAnyn

H mopovca simAopotikn epyacio mapovcstalet o LEAETT GYETIKA LE TNV €YKATAGTOON
eVOG YEPAVOD GKOPOV AVOYLYNG OTO KATAGTPMUO TNG TAMPNG COUP®VE LLE TOVG
KOVOVIGHOVG VINOYVAOUOVO, AE0A0YDVTAG TNV OVTOYN TOL TPOPOIOL KOTAGTPDIOTOS
KO TV EVIGYVOEMV, XPNCIHOTOIOVTAG TN LEBodo temepacuévav otoryeiov (FEM). Ta
™V HEAETN, avantOccovTol Tpia Ye®UeTpikad poviéda: To povtédo (A) Tov avorapiotd
TNV VIAPYOLGA TEPLOYN TNG TADPNG, TO poviédo (B) mov evoopoatdvel v Tomk
evioyvon T-Joint kot To vopovtédo (I') to omoio mepiéyet éva ehattopatikd T-Joint.
Ta 000 mhvel (ppaxth Kou katdoTpopa) aroteAovv £va T-Joint evieyvuévo Tomkd pe
GFRP attachment laps otnv meployn €yKotdotacng Tov yepavoo.

YnoAoyilovtar  cuvolkn Tapapdpe®mo, ot 0pBEg Kot STUNTIKEG TAGELS, O1 KUPLES
TAGELC KOl O GVVIEAEGTNG OCQUAEING COLP®VO LE TO Kpttiplo aotoyiog Tsai-Wu. Ta
amoteAéopato deiyvouy 0T 1 evompdtmon tov GFRP attachment laps otnv meployn
EYKATACTOGNG TOV YEPUVAOV UELOVEL GTULOVTIKE TIG TOTKES TAPALOPPMOCELS KOL TAGELS,
pe amotédeopa v avénon tov ocvvieheot| aceoaieiog. To poviého (B), pe v
ovvdeon T, veptepei Tov LOVTELOL (A) OGOV APOPA TNV TAPAUOPPMCT|, TNV KATOVOUN
TOV TACEOV KOl TOV oLVTEAEST] acpoieiog. Ta amoteAéopata cvuPdriovv ot
BeAtiwon ¢ katavonong kot a&loAdynong TG avIo NG TV £YKATAGTACE®DY YEPAVAOV
OKOPAOV AVOUYNG GTO KOTAGTPOUO TNG TADPNG.

Me ™ ypnom g teyvikng Virtual Crack Closure Technique (VCCT) kou tnv avdivon
0V pLOUOY ameAeVBEPMONG EVEPYELNS, M LEAETN TTaPEXEL TANPOPOPIEG CYETIKA LUE TNV
EMPPON TOV EAATTOUATOV KOTE TNV KATOOCKELOGTIKY O0d01Kacic. £10 TAaiGl0 TOL
vrodetypatog (I'), wa poyun dnuovpyeitan peta&d tov over laminated skin kot tg
TEPLOYNG TOV KATAGTPOUATOG 6To T-Joint. Av kot 1 avdAvon mov oyetiletor pe
Opavon elvar meplopiopévn, mopExel TOADTIUEG TANPOPOPIEC OYETIKA HE TN
CLUTEPLPOPE TN POYUNG Kot TIG TOAUVES ETTTMOELS TV OTELEIOV o€ éva, T-joint.

Aoppdévoviog vrdyn v avtoyf Kot TG TTVYES TNG AGPAAELNG, Ol GYEOUOTEG KOt Ol
pnyovikoi pmopovv va AdPouvv BEATIOTEG ATOPACELS GYETIKA LLE TNV EYKATAGTOOT) VO
yepavoD G€ OKAEN OVOYLYNG Kol TNV KOTAAANAN evioyvomn, oonydvtag o€
ACPOAECTEPES KO OTTOOOTIKOTEPES KOTAGKEVES.

Metd and exteTapéVn EPELVA GTOV TOUEN TMV VOLTIKOV YEPOVMV KOl E0TKOTEPA TNG
EQOUPUOYNG O OKAPN avayvyng amd cOVOeTOL LAIKA GavToultg, damotminke Ot
vrapyel coPapn EAAeym dedopévarv Kot LEAETMV Yia To Bépa avtd. H dramictwon avt)
etvar évag amd toug AGYoLg Yoo TOVg omoiovg de&nydn M mopovca UPEAETN HE TN
ovumepiAnym 660 10 SLVATOV TEPICCOTEPWOV TANPOPOPIDYV. L2 €K TOVTOL, 1| TOPOVGA
puerétn Paciletor oe dedopéva Kot 0dNyieg TOL TOPEXOVTAL OO TOVS VNOYVMUOVES Kot
TOVG KOVOVEG TMV VIEPAKTIOV KATOUGKEVMV.
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Introduction

One of the main goals of a naval architect is to construct an optimal ship as possible.
Optimization concerns both the strength and weight of the construction. A lighter ship
that can meet the necessary strength conditions can operate at higher speeds with less
fuel consumption and at the same time carry more payload.

In recent years, composite materials have gained an increasing position in the marine
industry, finding applications in many different parts of the ship. The most common
types of ships made of composite materials are high speed vessels, pleasure and patrol
craft, mine hunters and generally military purpose vessels [1]. The most important
components found in composite materials are the main hulls, decks, superstructures,
bulkheads, propeller masts, etc. For example, the superstructure constructed by
composite materials for cruise vessels or passenger vessels lowers the center of gravity
of the structure by improving both stability and other parameters.

The joining of the various components and the structural integrity of the construction,
it depends on various factors such as the type of joint, the materials and their mechanical
properties, the joining area, etc. Joining between dissimilar materials, such as
composites and metals, is more complex, due to the different mechanical properties [2].
The optimum joint transfers the loads between the components and ensures the uniform
distribution of the stresses throughout the construction. Local stress concentration due
to the discontinuity of the load transfer at the region of the joint is critical making a
joint the weakest point of a construction. An optimum design policy suggests to avoid
or limit the use of joining taking into account time and cost, as well [3].

In the marine industry, composite materials are joined mainly through adhesive
bonding, over-lamination and mechanical joint techniques. As far as adhesive bonding
is concerned, it is one of the relatively modern connection techniques, giving the
construction many advantages compared to the rest, one of which is a uniform stress
distribution. Adhesive bonding is essentially the connection of two materials using
adhesives and has largely replaced the traditional joining techniques in both composite
and metal constructions. In general, it offers high ratio of strength-to-weight and
reduced production costs. For these reasons adhesive bonding is one effective way to
join various structural parts to yachts, pleasure boats ferries, offshore boats and
generally to any kind of marine application. Another important advantage is the fatigue
resistance of the joint. Due to the elasticity and thermal expansion the impact energy of
the waves or other factors is absorbed. In addition, they can offer easy assembly and
disassembly, inspection, and maintenance. On the other hand, the increased weight,
concentration of stress combined with the weakening of composite material and the
creation of galvanic corrosion due to different materials are limitations in respect to the
use of this type of joints. In over-lamination the connection is achieved by a further
hand lamination of the parts. The over-lamination joint is an important connection
technique that is mainly used in the bulkhead component of the ship. Overlapping is
created from resin reinforced with fiberglass layers arranged so that the two

Havemeotnpuotmoi
\hoous Arydlem



Iirve

NANEMIZTHMIO AYTIKHZ ATTIKHI

a IXOAH MHXANIKQN

NANg,,

, .
<4

LT

TMHMA NAYTMHIQON MHXANIKON

components are connected forming a T-type cross-section. The most critical point in
over-lamination is the first layer. If a gap is created in this layer, then the joint of the
two components becomes weaker, increasing the risk of failure of the connection. The
fact that the over-lamination orientation does not affect the mechanical properties of
the joint is key information [2].

A general description of the components made of composite materials is that in the case
of single skin constructions the components consist of layers of reinforcement fabric in
polymer resin matrix, while in the case of sandwich constructions the component
consists of two single skin laminates and a core is contained between them which
essentially connects the two skin laminates creating a single construction. More
specifically, the materials used per element category are:

Glass (E glass, R glass, S glass), aramids (Kevlar, Twaron), carbon, polyester, high-
performance polyethylene (HPPE), and combinations of all of the above are the major
fiber materials used in reinforcing textiles. Chopped strand mat, continuous strand mat
(randomly arranged fibres), woven roving (plain weave, satin, twill), uniaxial and
"multiaxial™ configurations are among the fabric types employed (layers of uniaxials
stitched together, also known as non-crimp fabrics). Polyesters, vinylesters, epoxies
and different modifications of these resins and phenolics are examples of matrix
materials or resins. Polymer foams, end-grain balsa wood, honeycombs and corrugated
FRP cores are some of Sandwich core components. PVC (different varieties),
polymethacrylimide (PMI), polyetherimide (PEI) and phenolic are the most common
foams used. Metal or aramid paper ("Nomex") are commonly used in honeycombs [3].

Talking exclusively about the ship structure made of composite materials, the available
hull types that can be found in commercial application so far are unstiffened monocoque
hull, single skin-framed hull (top hat), corrugated hull, as well as hybrid designs. The
single-skin framed hull is similar to the usual metal ship constructions since the only
difference is the fact that the shell and stiffeners are composed of composite materials.
Monocoque hull structures are usually sandwich-type constructions. Due to that, they
are thick enough to absorb impact loads and achieve the appropriate hull stiffness. As
in any other sandwich-type construction skins are used to offer high strength, while the
core offers high stiffness, light weight and resistance to shear loads, thus creating an
overall construction of excellent durability. An evolution of monocoque hull is the
corrugated hull which is designed with external longitudinal corrugations. This
contributes to both the reduction of weight and construction costs and hull
strengthening. This type of hull is applied to specific parts of the monocoque hull,
mainly in the bottom and side shell. An integral component of the hull is the bulkhead
with which the desired compartmentation is achieved on ship construction. The
connection between the bulkhead and the hull allows the transport of many types of
loads throughout the hull. The types of loads that a bulkhead receives are mainly
divided into tensile, shear and bending. For example, the flooding of a compartment
causes the development of hydrostatic pressure in the watertight bulkhead and as a
result the creation of bending and shear load in the join between bulkhead and hull. The
connection between the hull and the bulkhead is known as T-Joint and aims to transport
tensile, flexural and shear loads between the hull and the bulkhead. Since the T-joint is
a link by its nature, it tends to be the weakest point of construction and presents failures.
The most common types that are presented are fillet cracking, disbond between
overlaminates with the fillet materials, disbond between overlaminates in the area of
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the bulkhead or hull and delamination of plies within the overlaminates. When there is
a crack on a T-Joint there are two possible scenarios of the evolution of the
phenomenon. The first is the crack to become larger than the one that already exists,
while the second is to have a fracture mechanism. Regarding the safety measures
against cracks, two basic parameters are calculated. One of them is the crack size that
determines the fracture toughness of each material. The second one is the critical load.
Fracture toughness is an important value for studies, since it essentially shows the
resistance to the fracture of the material when there are cracks in it. On the basis of
fracture toughness, the materials are categorized into brittle or ductile materials. Brittle
materials show low fracture toughness and high yield strength while, on the other hand,
ductile materials show high fracture toughness and low yield strength [4].

Taking into consideration the mechanics of adhesively bonded joints, as well as the
geometry and materials of the components to be connected, service loads,
environmental conditions and inspection requirements for the completed connection,
are necessary for a successful design. Concerning the joint analysis, there is a variety
of closed-form solutions accessible that are included in [5]. These may be used to
determine how strong a bond is. However, these formulas are ineffective for
complicated joint geometry. Due to this the only option is to conduct a FE study. Special
attention must be paid to failure criteria, non-linear material modeling, modeling
assumptions and simplifications and boundary conditions when performing FE analysis

[1].

Finally, the evolution of composite materials and joints in the marine industry has a
bright future, since the change in international rules away from prescriptive
requirements and toward formal safety evaluation and probabilistic design techniques
make it easier to utilize unique and sophisticated solutions by properly crediting them
and making them appealing.

This study will be carried out taking into consideration all the above for a T-Joint
stiffening of yacht bow region construction, inspired from a bulkhead-hull (deck or
bottom) joint. It will also be representative for any other T-joint application.

The T-Joint studies are categorized according to the application, the type of connection,
the loads exerted on the construction, the failure mode and the fracture behavior of the
joint. The most common type of connections found, in respect to the construction of a
T-joint are adhesively bond, z-pin and stitched connections.

An overview of an adhesively bonded T-Joint and adhesively bonded joints is given in
[6]. The factors that affect the adhesion and the types of adhesives that exist are
explained in detail while all possible joints, including the T-Joint geometry, are
presented. All type of failure modes of adhesive materials is also discussed. To improve
the resistance of the T-joint structure against adhesion failure, several methods are used,
such as changing the anisotropy of the material stacking sequence of the laminated
composite structure and adjusting the number of layers. In [8,9] an analysis of the
strength of an adhesively bonded T-joint under fatigue using experimental and
numerical analysis is studied by investigating two types of gluing, a flat joint and a
grooved joint. The results showed that the grooved joint in fatigue is more durable than
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the flat joint. Within the same framework, the structural behavior of the adhesively
bonded composite sandwich T-Joint for aerospace applications is tested under quasi-
static and dynamic loading conditions [10,11]. The same authors, in [12] conducted a
significant numerical analysis of adhesively bonded T-joints with sandwich materials
and a study of design parameters. The design parameters concern the fillet geometry
and the core material of the sandwich panels. Whereas, for the study of geometrical
models, different base fillet angles (25,30,35,40,45,50,55,60 and 70 degrees) were
used. The base angle of fillets is one of the most important geometry parameters of T-
Joint. In terms of sandwich panels, different types of foam with different stiffness
(Divinycell H100 and Divinycell HCP70) were used, while the simulation of adhesive
joints in numerical analysis is using contact elements and a cohesive zone material
model.

In [13] a novel way to connect a sandwich panel and an aluminum plate in the T-joint
form, using adhesive as a means of gluing, was carried out on behalf of the marine
industry for two types of joints in different geometrical configurations. The first model
follows the design of the joint according to the classification society Det Norske Veritas
for high-speed light crafts, while the second model emerges from the first having made
appropriate modifications in terms of durability, thus creating the new design
configuration of the T-Joint. The new design has better load-carrying capacity than the
previous one using 10% less adhesive which results in a more economical construction
solution with better durability. By L. F. M. da Silva et al. [14], the effect of water on
the fracture of adhesive joints was studied, by analyzing modes I, Il and 111 of fracture
failure in the following environments: dry, salt water and distilled water. In the salt
water environment, there was an increase in mechanical properties, whereas in the
distilled water environment there was a decrease. This provides the important
information that the adhesive SikaPower-4720(of company Sika Vila Nova de Gaia,
Portugal) and other similar materials are ideal for constructions immersed in salt water
environments.

Another type of T-joint configuration is that of z-pin and stitch where in essence, it
becomes a combination of adhesive and some kind of riveting as reinforcement of joint.
The A. P. Mouritz.et al. [15],[16] mention that one of the serious problems of T -Joint
is the delamination between the horizontal and vertical components caused by the
transverse loads. Therefore, the delamination resistance of the composite joint can be
improved in the direction of the thickness of the material using z-pins in the bonded
region which increase the strength of the connection. The numerical results obtained
using FEM were validated against experimental results. FEM analysis is carried out for
failure mode I and 11 of the structure that contains the z-pin. The study by J. Bigaud et
al. [17],[18] provides an analysis of the mechanical behavior of composite T-Joint
reinforced by stitching. The results showed that, due to crack bridging that delamination
toughness was increased, the energy release rate was better restrained in stitched
structures, especially in the crucial area (delta-fillet). In comparison to the reference,
the stitched T-joints had higher ultimate strength and load recovery post-ultimate
strength.
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In [19] is investigated the mechanical behavior of an ordinary adhesive, z-pin
reinforcement and stitching reinforcement under tension loading in the vertical
component of the structure. The tensile strength, damage failure mechanism and failure
mode, are compared for the three types of joints. the z-pin reinforcement is the optimal
solution in tensile strength compared to the stitching reinforcement. Similar results
were obtained for the deformation of the construction, with the z-pin reinforcement
again being the best solution. Regarding the failure mode, the ordinary adhesive T-Joint
exhibits brittle failure, whereas the other two joints showed ductile damage behavior.
Finally, an optimal and efficient way to enhance a T-Joint construction is definitely the
z-pin reinforcement.

The main type of loads, that are exerted on a T-joint are tensile, pull-of or pull-out load.

The most common load exerted on such connections is the tensile load. As far as tensile
forces are concerned, whenever these are applied to the vertical component of T-Joint
they are called as pull-off or pull-out load in literature. The main failure mechanisms
are fracture or delamination by creating and spreading a crack in one of the parts of the
structure (adhesive region, core of panel, etc.). This local failure is capable of causing
total failure in the construction once the load reaches a maximum value or even earlier.

In their widely acclaimed work, [20] discuss the design and test of sandwich t-joints for
naval ships in the context of the EUCLID project “Survivability, Durability, and
Performance of Naval Composite Structures”. This research studies improved T-Joint
geometries subject to tensile load to improve strength or reduce the weight of the
structure. The T-Joint consists of sandwich panels with PVC foam core and glass fiber
Ivinyl ester skin laminates, while for the connection of the panels, core triangles (fillets)
are used made of PVC foam and filler (adhesive). In the FE analysis performed, the
sandwich skin materials were assumed to be orthotopic and linear-elastic, when in fact
all the other materials were considered linear-elastic and isotropic. An important
observation was that the failure was initiated by a shear failure in the base panel of the
joint. The main conclusion is that the base angle of the core triangle is the most
important geometry parameter of the T-Joint and the 45 degrees angle is the optimal
choice. The optimized design has far more durability and less weight than the original
design.

An effective technique is using 3D woven reinforcements to increase the load-bearing
capabilities of composite T-joints over laminates. This improvement may be optimized
in terms of fiber architecture. Another type of T-Joint with delta-filler and L-ribs at
tension load is studied in the research works [21]— [29]. The reduction of the fillet-fill
ratio, the initiation and propagation paths of the delamination cracks are parameters that
change the failure mode. The 3D braided composite fillers provide high transverse
strength, high multidirectional loading capacity and high damage tolerance. The
weakest area was found to be the filling area. A-Progressive Damage Model based on
mixed criterion for failure has better results than those from Hou, Chang-Chang, and
Hashin criteria for predicting mechanical behaviors under tensile load. The triangular
zone filler and boundary angle radius are important parameters for construction with
the triangular zone from resin showing the best behavior. A novel design of T-Joint
using ply promises to strengthen the construction, altering the ply orientation in the
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radius bend area and giving encouraging results to improve the mechanical properties
of the joint.

The key failure modes are attributed to: i) cracking in the core of sandwich panel (core
shear failure), ii) debonding between the connection fillet and sandwich panel, iii)
debonding (interfacial failure) between the two sandwich panels (web and flange) [30-
31]. Regarding the first study, an investigation is carried out for an original U-channel
aluminum connection. It is placed in the base panel where the vertical component of T-
Joint is placed inside it. This architecture hands out improved results compared to a
conventional circular fillet T-Joint. Two more bolted joints are being studied in order
to prove their efficiency in the phenomenon of debonding. Satisfactory results are not
provided by the use of bolted joints in combination with a circular fillet failure of the
panel since the core starts earlier. Therefore, it would be advisable that bolted joints
should be avoided in a T-Joint construction even though they suppress debonding.
While, on the other hand, the existence of the attachment lap in the construction is
crucial since it distributes the load in a more efficient way throughout the construction.
The authors in [32] propose a reinforcement of the T-Joint construction with
thermoplastic composite fasteners which may reduce shear failure. The results showed
that the bond strength of the T-Joint increased compared to that of the T-Joint without
fasteners. In [33] an insight on the naval applications of T-joints is given taking into
account dynamic loading conditions. An important conclusion is the fact that the
fracture modes, under dynamic tensile loading, are similar to those of the static
condition. Based on the above and considering that the construction will present failure
between the overlaminates and the base panel, or core shear failure in the base panel,
the following conclusions are drawn: i) core shear failure strength of the base panel is
sensitive to all failure modes, ii) the failure load increases with larger fillet radius, iii)
the fabrication defects reduce the strength of the structure and the failure load by 37-
50%.

Focusing mainly on the marine section [34], the geometry studied is a T-Joint in which
a static pull-off load is applied and which represents the bulkhead of the ship. The study
is mainly conducted with finite element analysis (MSC Nastran) using virtual closure
technique (VCCT) tools to investigate fracture behavior. Moreover, it is assumed that
there is already some kind of debonding in the construction. With the use of strain
energy release rate (SERR) theorem in the crack tips the propagation mechanism of the
crack is created and failure loads are predicted. For verification purposes, the
corresponding experimental procedures shall be performed. The results showed that the
change of direction in the pull-off load determine the failure load and more detailed
study should be done. The extension of the previous study in the form of comparative
results is that of [35],[36] in which the comparison is made between two study
techniques, the Crack Tip Element method and the VCCT method. Initially, the Crack
Tip Element method can offer a study of fairly good accuracy in predicting damage at
very low computational cost under the right conditions. More specifically, the use of
this method in thick marine T-Joint composite structures is investigated, since the
thickness of the structure is a critical parameter for the application of the method. It was
observed that between the three modes of fracture the major one is Mode | (opening
fracture mode). To apply the analysis above to a thicker structure, the researchers came
across a specific way to work with the data used in FEM analysis that yielded the
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desired results. The models examined relate to thin and thick T-Joint using the CTE and
VCCT method. The SERR results are presented in tables, making an accurate
comparison for each case. Including these conclusions, it is understood that the CTE
analysis for thin T-Joints can be used in disbonding problems, with the 3D CTE method
having advantages over other methods. If the thick structure has dimensions similar to
those required by classical laminate plate theory (CLPT), then CTE can be applied
without any changes in geometry, giving significant benefits. If the CLPT criteria are
not met, then there should be some kind of modification similar to that of the study.
The study of G.Di Bella et al. [37] inspired by T-joints manufactured in a shipyard,
highlights the effect of basic construction parameters on tensile load, such as adhesive,
the material of the joined sections and the over-lamination sequence. The cases
examined in the fillet area concern two over-lamination sequences, one with 0/90
degrees, one with +45/-45 degrees and a methacrylate adhesive under the brand name
Adekit A 310NF as a material of joined sections. Both experimental and numerical
results showed that: i) the models 0/90-GRP-GRP and +45/-45-GRP-GRP fail in the
same way. The over-lamination sequence does not affect the joint, when the tensile load
is exerted, ii) the methacrylate adhesive-GRP-GRP initially presented shear crack
propagation in the horizontal component and then led to failure of the joint. For the
reason why the fracture was detected in the substrate it is suggested that the adhesion
was efficient iii) The 0/90-GRP-Wood and +45/-45-GRP-Wood models had exactly the
same behavior. No shear core failure was observed, but there was a failure in the
interface between wood and over-lamination. iv) The methacrylate adhesive-GRP-
Wood model initially presented shear failure of the horizontal component and then a
horizontal-vertical component and adhesive-vertical component failure. In a real sea
state, the load alternates from tensile to compression creating buckling phenomena in a
T-Joint construction, as shown in [38],[39]. To avoid core shear, it is suggested to use
some other material with better mechanical properties for shear forces than Polyvinyl
chloride (PVC). Regarding the design of T-Joints, it is worth mentioning the study of
[40-43], where the design and testing of a new T-type connection for marine
applications is investigated in order to overcome issues in the connection between
bulkhead and deck. The behavior of T-Joints and failure modes mainly depend on
geometry and construction material. The predominant geometric parameters that affect
the joint are the radius of fillet and the thickness of the overlaminate, while the gap
between the panels and the edge of preparation of the tee part has a secondary effect.
More generally, increasing the radius of the fillet enables the joint to withstand higher
loads. In addition, the choice of over-laminating resin proved to be an important
manufacturing variable. However, increasing the stiffness of the joints did not lead to
higher joint strengths. Prediction of failure values using FEM requires careful selection
of material data, otherwise there is a high risk of failure of the study. In an effort to
optimize the performance of T-Joint, it was proved that the large radius flexible resin
fillet with an overlaminate of minimal thickness is the most efficient model, mainly for
tensile load. As far as fatigue failure analysis is concerned, the study is done for the
same models with tensile load in a direction of 45 degrees which resembles combined
moments and forces in the joint. As shown in a study by another author mentioned
earlier, the failure mechanisms under fatigue loading are the same as those at static load.
Failure refers to delamination in the boundary angle and dislocation of the fillet from
the boundary angle, thus creating crack in the fillet. The analysis of damage and fatigue
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life showed a linear combination of these two. These two studies complement one
another and provide a bigger picture for the study of T-Joints. The extension of the
same study for more models is [44]. The additional conclusions that emerged were that
the number of over-laminations is also an important study parameter, since lowering
this number reduces the weight and cost of construction. Vibration transmission and
noise on ships are not desirable and must exist in some way to be reduced. The study
of [45] sheds light on such phenomena, using a viscoelastic insert in the T-Joint
construction.

Theotokoglou and T. Moan [46], [47] studied the failure of a composite sandwich T-
Joint, using lap joint by means of connecting the two panels under the influence of pull-
out load. The connection of this type is widely found in high-speed marine ships as a
connection between bulkheads or bulkhead and the side of ship. It is emphasized that
such a study is very complex because it involves several types of materials. The study
uses non-linear material laws for the core of the panels and the glue. The main goal is
to better understand the response and failure of sandwich T-Joints. For this reason, the
following design parameters are being considered which may affect the strength and
flexibility of T-Joint: i) Extension of the lap, and ii) Thickness of the lap (i.e., the
number of layers) which seemed to have almost no effect on pull-out strength. Further
research was done at the points where the glue, the laminate and the panel core meet
each other, as well as the points where the glue, the laminate and the lap meet. The main
conclusions that were drawn from this study are the following: the most critical points
for stress and strain states are in the core of the horizontal panel and in the core of the
vertical panel near the interface corner where the three materials meet each other. The
finite element analysis gave important results for the crack initiation and propagation
between lap and laminate, at the vertical core panel near the interface corner with
horizontal panel and glue and the horizontal core panel with failure Mode Il. The length
and thickness of the attachment determine the failure mode that occurs. The longer and
thicker laps exist, fracture mode Il prevails. It is also understood that, compared to other
parameter configurations, the higher strength core material provides optimal results in
terms of load capacity. Numerical analysis [48], [49] showed that increasing the number
of layers in the lap reduces the maximum principal stresses in the attachment lap, while
the thickness through stresses increases to a lower limit than that of tensile strength.
For this reason, the attachment lap should not consist of a single layer but of at least
two or more. In addition, the number of layers in the lap does not greatly affect the
maximum shear and principal stresses inside the cores of the panels, although it creates
a slight weakness in strength. In terms of finite element analysis [50], the crack
initiation occurs at the interface between the fillet and the connected laminate and then
propagates along the interface. The technique used is the crack closure technique using
intensity factors K, Kj. The model for the propagation of the crack refers to the
extension of the lap and the angle ® which is essentially the radius of the fillet. It was
observed that, with an increase up to a specific value in the radius of the fillet, the crack
propagation stops.
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The most important points related to the literature review are the following:

1. The base angle of the fillets is one of the most important geometry parameters
of the T-Joint.

2. One of the most serious issues of the T-Joint is the delamination between the
horizontal and vertical components caused by the loads across the thickness.

3. The delamination resistance of the composite T- joint can be improved in the
direction of the thickness of the material using z-pins in the bonded region.

4. The reinforcement of the construction with z-pin is better than that of the rivets.
The z-pins can successfully strengthen the entire lap area while the rivets can
only strengthen an area around themselves.

5. Stitched T-joints had higher ultimate strength and load recovery post ultimate
strength

6. The adhesive T-joint shows brittle failure, in contrast to the z pin and the
stitched, which show ductile damage behavior.

7. The most common load exerted on such connections is the tensile load. The
main failure mechanisms are fracture or delamination by creating and spreading
a crack in one of the parts of the structure (adhesive region, core of panel, etc.).

8. Using 3D woven reinforcements to increase the load-bearing capabilities of
composite T-joints over-laminates is an effective technique.

9. The fracture modes under dynamic tensile loading are similar to those of the
static case.

10. The core shear failure strength of the base panel is sensitive to all failure modes.

11. The geometric parameters that affect the joint are the radius of fillet and the
thickness of the overlaminate, while the gap between the panels and the edge of
preparation of the tee part have secondary effects. More generally, increasing
the radius of the fillet enables the joint to withstand higher loads.

12. The most critical points in respect to stress and strain distributions are in the
center of the horizontal panel and in the center of the vertical panel near the
interface corner where the three materials meet each other.

Table 1 T-Joint Literature Summary by sections

Type of Connection Between T Parametric Study Marine Applications
Components
[6-11] [12] [14]
[13] [18-19] [20-21]
[15] [20-29] [33-50]
[16-19] [30-32]
[43-44]
[46-47]
[49]
Havemeotnpuotmoi
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1 T Joint Sandwich Composites

Several meters of T-joints are not unusual in larger sandwich constructions, such as
ships. As a result, a lot of studies focused on T-joints to create a low-cost design. The
transfer of force from the hull to the bulkhead is the underlying principle behind
transverse stiffening of the hulls of ships. The significant stiffness of the bulkhead face
sheets will respond as two parallel line loads on the hull inner face sheet since the
bulkhead is often perpendicular to the hull. The materials used in ship building are of
four main types: reinforcement materials, resin materials, core materials and adhesives.

1.1 Reinforcement Materials

1.1.1 Fibers

The fiber type used for this study is E-Glass with the following characteristics [51]:
1. Glass

The two main types of glass used in composite shipbuilding are E and R types. Glass
monofilaments have the same molecular arrangement as glass plates and are considered
as isotropic materials, which means that the mechanical properties are the same in the
length and cross directions. The primary benefits are strong stiffness, tensile strength
and compression resistance, whereas the main drawback is the comparatively low
impact resistance.

Glass Carbon )
Para-aramid
E R HS IM HM
Density p; 2,57 2,52 1,79 1,75 1,88 1,45
Poisson coefficient v, 0,238 0,20 0,30 0,32 0,35 0,38
Tensile in fibre | Young modulus Eg. (N/mm?) 73100 86000 238000 350000 410000 129000
direction breaking strain (%) 3,8 4,0 1.5 13 0,6 2,2
breaking stress (N/mm?) 2750 3450 3600 4500 4700 2850
Poisson coefficient 0,238 0,20 0,02 0,01 0,01 0,015
TT;:E: normal [ young modulus Eg. (Nfmm?) | 73100 86000 15000 10000 13800 5400
direction breaking strain (%) 2,40 2,40 0,90 0,70 0,45 0,70
breaking stress (N/mm?) 1750 2000 135 70 60 40
Compression in | breaking strain (%) 2,40 2,40 0,90 0,60 0,45 0,40
fibre direction | preaking stress (N/mm?) 1750 2000 2140 2100 1850 500
Modulus G; (N/mm?) 30000 34600 50000 35000 27000 12000
Shear breaking strain (%) 5,6 5.6 2.4 3.0 3.8 4,0
breaking stress (N/mm?) 1700 1950 1200 1100 1000 500

Figure 1:Typical Mechanical properties of fibers [51]
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1.1.2 Fabrics

Typically, fabric items are constructed using reinforcing fibers. The fabric used for this
study is [51]:

1. Chopped fibers chemically gathered into sheets (Chopped Strand Mats CSM)

The fibers used to create chopped strand mats (CSM) are chemically grouped into a
web. There is no primary direction since the fibers are randomly arranged in the web
and CSM are regarded as isotropic reinforcements. Fibers 50mm or longer may be used
to create CSM. In general, only CSM with fibers greater than 50 mm should be used.
The kind and length of the fibers, as well as the area weight, are the primary properties
of mats.

1.2 Resin Materials

The resin material used for this study is [51]:

1.2.1 Polyester resin

Unsaturated polyester resin, unsaturated monomer (also known as a copolymer), a
catalyst and occasionally an accelerator are combined to create polyester resin systems.
Co-polymerization is the name of this process. These combined components have the
functions of monomer, catalyst, and accelerator.

The typical mechanical properties of resins are given in the table below:

Polyester Vinylester Epoxy
Density p, 1,20 1,10 1,25
Poisson coefficient v, 0,38 0,26 0,39
Tg (°C) around 60° around 100° between 80° and 150°
Tensile Young modulus E, (N‘mm?} 3550 3350 3100
Tensile or compression breaking stress (N/mm?) 55 75 75
Tensile or compression breaking strain (%) 1,8 2,2 2,5
Shear modulus G, (N/mm?) 1350 1400 1500
Shear breaking stress (N/mm?) around 50 around 65 around 80
Shear breaking strain (%) 3,8 3,7 5,0

Figure 2: Typical Mechanical properties of commonly used resins [51]
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1.3 Core Materials

To increase the overall moment of inertia of the laminate sandwich core materials are
included. Sandwich laminates are constructed from two reinforced faces, also known
as skins, joined together at the core. The core substance of a laminate is intended to
thicken the laminate in order to enhance stiffness. The core material essentially
experiences shear stresses because of how it behaves like the web of a beam. Low
density, shear strength and the ability to handle compression and shear loads without
failure of buckling are the essential properties of a core material. The core material used
for this study is:

1.3.1 Foam Cores

In a wide range of densities and thicknesses foam cores may be produced using a wide
spectrum of synthetic resins. Closed cells must be present in all foam cores to prevent
water migration. Foam cores must tolerate the temperatures for pre-preg or post-cure
procedures and be compatible with the resin systems and adhesives being applied [51]

1. PolyVinyl Chloride PVC foam: are very resistant to chemical compounds and
water absorption, especially styrene found in polyester and vinylester resin
systems. PVC foams come in two varieties: cross-linked PVC and uncross-
linked PVC, often known as linear PVC. Compared to cross-connected PVC
foam, linear PVC foam has lower mechanical gualities and is more flexible.
However, cross-linked PVC is more brittle than linear PVC.

The mechanical properties of the foams are given in the table below:
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Modulus . Breaking stresses
Foam | Density (kg/ Tensile Compression Shear p()l.‘TM.JI: Tensile | Compression Shear
! : coefficient
type m?) E, , E E, Gz, Gia, G _— oy, Oy oy, Oy Tizs Tiy, Ty
(Nfrim?) (Nfmim?) {Nfmim?) (Ndmm?) (Nfmm’) (Nfmm)
50 n 18 8 0,36 0,7 0.3 0,3
(] 29 28 1 0,31 09 0,4 0,5
70 37 38 14 0,27 11 0.6 07
= 80 I 49 18 0,25 1,3 07 0,8
= a0 52 59 21 0,24 1,4 09 1,0
z 100 59 69 24 023 16 10 12
10 67 79 27 0,22 1.8 1,2 13
130 a2 99 34 0,21 22 1.5 1,7
140 89 109 37 021 2.4 1.6 1,9
50 7 40 18 0,02 1.0 0.6 0,6
] 47 51 22 0,05 1.4 0.8 0.8
70 57 B3 27 0,07 1.8 11 1,0
80 67 75 31 0,08 22 1.4 1,1
5 90 7 88 36 0,09 2,5 17 1.3
-E 100 88 102 40 0,10 29 1.9 1,5
& 110 98 116 44 011 33 22 1,6
_f 130 118 145 53 0,12 39 2,8 2,0
o 140 129 161 57 0,12 43 3, 2,2
170 159 209 71 0,13 52 3, 7
190 180 243 79 013 5.8 4,4 3,0
200 190 260 84 013 6,1 4,7 32
250 241 352 105 0,14 7.4 6,0 4,1
50 52 29 3 011 0,9 0,4 0,7
] 65 37 16 0,18 12 0,5 0,8
70 7 44 18 0,20 1,5 0,6 0,9
80 92 50 21 0,19 1,7 0.8 1,0
a0 107 55 23 017 19 0,9 1,1
rd 100 122 &0 26 0,15 20 11 1,2
& 110 137 [ 29 0,12 22 12 13
130 168 7 34 0,06 25 16 1,5
140 184 74 36 0,03 26 1,8 1.6
170 234 3 43 0,03 29 2.4 1,9
190 268 88 48 0,03 3.1 2,8 2,1
200 285 0 51 0,03 3.1 3, 2,1
60 69 35 13 0,32 1.14 0,67 0,43
70 79 49 15 0,32 1,45 0,84 0,52
&0 89 Gl 18 0,38 1,72 1,m 0,61
ag 100 74 21 0,38 1,95 1,20 0,70
PET 100 m 1Y 24 0,38 2,16 1,39 0,79
110 121 99 27 0,32 236 1,59 0,89
130 144 122 3 0,27 2,69 2,02 1,09
150 168 145 40 0,22 398 2,47 1,29
200 230 196 59 0,22 3,55 3,72 1,83
250 298 4 &0 0,12 4,00 5,11 2,39
50 54 59 21 0,40 1.9 0,8 0.8
& 64 L] 24 0,60 21 1.1 1.0
70 B4 94 28 0,60 23 1.5 1,2
&0 101 112 3 0,70 26 19 1.5
= 90 119 132 39 0,70 29 23 1.8
= 100 137 152 5 0,70 3,2 2,7 2,1
110 155 173 52 0,60 3.6 3.2 2.4
130 195 217 | 0,50 4.5 4.2 31
140 215 239 83 0,40 50 4.8 3.5
170 280 mn 131 0,20 6,8 6,7 4,7

Figure 3:Typical Mechanical properties of foam cores [51]
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1.4 Adhesives

An adhesive is a polymeric material that when applied to surfaces may adhere to them
and prevent their separation. Structural adhesives are used in order to provide the
structural contributing factors of strength and stiffness when a significant load and a
wide range of stresses applied over an extended period of time are required to cause
separation. The structural elements of the bond that the adhesives keep together are the
adherents. This concept of adhesion is widely used when describing maritime
structures. Observe that every joining technique has weak points at [52].

The material characteristics of the adherents and adhesives, their geometric
relationships, thickness and finally overlap are the main determinants of the joint
strength of adhesively joined surfaces. In view of the fact that the load is distributed
unevenly throughout the bonded region in adhesive joints, the average shear stress may
be significantly lower than the local maximum stress. Shear stress is a traditional

standard for identifying a structural adhesive and must be more than 10 mI:nZ at room

temperature. There are common recommendations whose goal is to improve joint
strength by reducing stress concentrations [53]:

1. Use an adhesive that exhibits ductile behavior and low modulus.
2. Use similar adherends, or if not possible, balance the stiffness.
3. Use a thin adhesive layer.

4. Use a large bonded area.

The difference between joint strength and adhesive strength must be made clearly. If a
stronger adhesive is used, the strength of the joint would not improve. High-ductility
and flexibility adhesives typically have low strength. When applied in a joint, however,
their capacity to spread stress uniformly throughout the overlap and to bend plastically.
This can result in a joint strength that is significantly higher than that with adhesives
that appear to be robust, but are less ductile. In contrast to a stiff adhesive, which has a
large stress concentration at the overlap endpoints, a low-modulus adhesive provides a
more equal distribution of stress. Adhesives can be durable, brittle and stiff, or they can
be weaker, ductile and elastic. A durable, ductile and flexible adhesive would be
excellent. Additionally, compared to brittle adhesives, ductile adhesives are more
resistant to crack spread, increasing their level of toughness. The fatigue life of joints
with ductile adhesives is significantly longer than that of joints with brittle adhesives if
the fatigue limit is expressed as a percentage of the static maximum joint strength. This
is because ductile adhesives have a higher damping energy and a more uniform stress
distribution [53].

The adhering modulus and its strength are the most crucial. The smaller the deformation
at the endpoints of the overlap, where load transfer occurs, and the lesser the impact of
the adhesive's differential straining, the higher the adherend modulus. Another
important factor that assists to explain many joint failures is the adhesion strength.
Strength increases proportionally as the width of the joint increases. However, the effect
is small.
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The overlap length varies depending on the type of adherent and whether the adhesive
is brittle or ductile. The ability to connect different materials, such as aluminum and
carbon fiber-reinforced polymers (CFRP), is one of the key benefits of adhesive
bonding. However, various adherents could have extremely different thermal expansion
coefficients. Thus, in addition to the loads exerted externally, temperature fluctuations
may also cause thermal stresses. Internal strains may also be created by the thermal
shrinkage that results from bond curing. There may be deformations or even fractures
[53].

In conclusion, an adhesive joint is a method for permanently connecting two surfaces
through a polymeric material layer using chemical, mechanical, or a mixture of
mechanical and chemical interfacial forces. Adhesive assembly refers to the process of
joining pieces or adherents, which may or may not be formed of the same material. The
figure below shows the various loads that can be placed on an adhesive joint.
Manufacturers have created a great number and diversity of adhesives to offer products
to attach an equally wide range of materials in the maritime sector. The core material
used for this study is:

1.4.1 Epoxy-based adhesive
The following are the primary characteristics of epoxy adhesives [54]:

1. This is one of the most popular and effective thermoset families among
structural adhesives.

2. Dependent on the formulation (mostly the kind of hardener) and the curing
process, stiff bond and strong mechanical qualities

3. Available in single, two-component or film form

4. Excellent adhesion to a variety of substrates

1.5 Load Transfers

The hull inner face sheet may be severely bent and the hull core may be compressed
due to the relatively direct transfer of force between the bulkhead face sheets and the
hull core. A minimal amount of tensile force can also be transferred when only a thin
layer of adhesive holds the bulkhead to the hull as a result of high stress concentration.
The mechanics of a fast boat going at slamming speed increases the possibility of
developing tensile force, which may be considerable and not insignificant. A T-joint
should therefore spread the loads to ensure that there are not too many interface strains
between the panels [55].

A T-Joint is illustrated below with a number of parts that may be combined or used
separately. The gap filler distributes force between the bulkhead face sheets and the
hull panel by filling the space between the hull and the bulkhead, which is crucial.
Normally, a fillet and a gap-filler are used in addition to the glued tapered laminate. As
a result, the force spreads and the joint may transfer moment. Such a joint should not
be put under fatigue stresses. The load transverse to the hull panel is distributed across
a wider area of the core owing to the reinforcement of the inner face sheet of the hull,
which enhances the bending stiffness. The nearby high-density core can also sustain a
greater local stress that develops.
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Figure 4:T-Joint structural components: (1) hull panel (face-sheets and core), (2) bulkhead
(face-sheets and core), (3) bonded tapered laminate, (4) fillet (5) gap filler, (6) reinforcement
of hull inner face-sheet and (7) local high density hull core. [55]

The joint's function is to distribute reactions among the linked panels. The following
are the responses for the T-Joint:

Tm "

A
!
777

Figure 5:T-Joint reaction loads
Typically, sandwich panels should behave as following:

i.  The face sheets act as membranes and transfer the in-plane force N directly and
the moment M as force couples.
ii.  The core transfers the transverse reaction T
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2 Mechanics of Composite Materials (Quasi-
Orthotropic Material)

2.1 Definition of composite materials and quasi-
orthotropic Material

Composite materials are designed materials composed of two or more constituent
materials that, when combined, generate a material with qualities that are distinct from
the sum of the separate elements. The individual components of the resulting structure
are maintained to be distinct and independent, distinguishing composites from
combinations and solid solutions [88].

A particular class of composite material is called a quasi-orthotropic material. In two
dimensions they have orthotropic properties and in the third dimension they are
isotropic. A symmetrically stacked composite where each layer is orthotropic, but the
stacking sequence expresses the composite as a whole quasi-orthotropic behavior, is a
common example of a quasi-orthotropic material [89].

2.2 Stress and Strain Tensor

2.2.1 Definition of stress and strain tensor
The distribution of stress and strain in the material in various directions is described by
the stress and strain tensors for quasi-orthotropic materials.

The stress tensor, in the context of quasi-orthotropic materials, indicates the state of
stress at a particular location within the material. The tension in three dimensions is
represented by a second-order tensor. The stress tensor for quasi-orthotropic materials
is a 3x3 matrix that includes normal stresses and shear stresses in three mutually
orthogonal directions [89].

In the context of a quasi-orthotropic material the stress tensor can be written as:
o1 012 O
[o] =012 022 O (D

In this tensor, 611 and o2 represent the normal stresses in the longitudinal and transverse
directions, respectively. o1 represents the shear stress between the longitudinal and
transverse directions. oes represents the in-plane shear stress.
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However, the deformation or deformation at a specific location within the material, is
described by the strain tensor. It is likewise a second-order tensor and has a 3 x 3 matrix
representation. For quasi-orthotropic materials, the shear deformation, longitudinal and
transverse elongation and contraction are all accounted for by the strain tensor.[88].

The strain tensor for a quasi-orthotropic material can be represented as:

&1 &2 O
[€]=[€12 €22 0] (2)

0 0 Yes

In this tensor, €11 and &2 represent the normal strains in the longitudinal and transverse
directions, respectively. €12 represents the shear strain between the longitudinal and
transverse directions. yes represents the in-plane shear strain.

For analyzing the mechanical behavior of quasi-orthotropic materials in various loading
situations and predicting their reaction to applied forces, an understanding of the stress
and strain tensors is essential.

2.2.2 Description of Hook's law in the context of quasi-
orthotropic materials

The linear relationship between stress and strain in a material is defined by Hooke's
law, a fundamental principle in the study of material mechanics. In the study of elastic
materials, including composites like quasi-orthotropic materials, this relationship is
quite critical.

Hooke's law offers a mathematical approach that combines the stress matrix and the
strain matrix in the setting of quasi-orthotropic materials. The equation provides this
relationship:

e =1[S]-o (3)

where € represents the strain matrix, o is the stress matrix and [S] is the compliance
matrix. The compliance matrix is the inverse of the stiffness matrix [Q], and contains
the material properties of the compound, taking into account the effects of the
orientations of the fiber and the matrix and the volume fractions.

In the case of quasi-orthotropic materials, the compliance matrix [S] would have nine
independent entries, corresponding to the nine independent material properties of the
material.

The compliance matrix [S] for a quasi-orthotropic material can be represented as
following:
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In this compliance matrix, E1 and E> represent the longitudinal and transverse elastic
moduli, respectively. vi2 is the Poisson's ratio, and Gi» represents the in-plane shear
modulus.

This understanding of Hooke's law in the context of quasi-orthotropic materials is
essential in predicting the behavior of these materials under various loading conditions
[90].

2.3 Rule of Mixture

2.3.1 Explanation of rule of mixture

The rule of mixtures, commonly referred to as the law of mixtures, is a theoretical
model for calculating the properties of composite materials. According to the rule of
mixtures, a composite property is the volume-weighted average of the individual
attributes of its parts. When predicting the elastic modulus and tensile strength of
unidirectional composites, it is especially advantageous.

For a composite material composed of a fiber and a matrix, the mixture rule can be used
to calculate longitudinal and transverse moduli (E1 and E», respectively) as following:

Ey = Ef - Ve + Epy - Uy (5)

(Ef' Em)
(Vi * Ef + Vi Ep)

E, = (6)

where:
Er and Em are the elastic moduli of the fiber and the matrix, respectively,

Vs and Vn are the volume fractions of the fiber and the matrix, respectively.
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This criterion presupposes that there is no porosity within the composite and that the
matrix and fibers are perfectly bonded. Although the rule of mixtures offers a simple
and straightforward technique to estimate the qualities of the composites, due to its
simplifications and assumptions, it may not precisely predict all events in the real world
[89].

2.3.2 Rule of mixture of quasi-orthotropic materials

The properties of quasi-orthotropic materials can be predicted using the rule of
mixtures. The law of mixtures is used to calculate the longitudinal and transverse
moduli (E1 and E», respectively), as well as the shear modulus (G12) for the materials
which have orthotropic properties in two dimensions and isotropic characteristics in the
third dimension.

Another essential characteristic in the investigation of quasi-orthotropic materials is the
shear modulus G12, which may also be predicted using a modified version of the rule
of mixtures or other empirical connections.

It is crucial to remember that the rule of mixtures only provides an initial estimate of
the properties of composite materials and may not be entirely accurate because it is
predicated on a number of untested establishments, including perfect bonding between
the matrix and fibers and the absence of any voids or flaws in the substance. On the
basis of practical facts, or more complicated theoretical models, adjustments may need
to be made [89].

2.4 Quasi-Orthotropic Material

2.4.1 Description of the structure and behavior of quasi-
orthotropic materials.

Materials having a quasi-orthotropic structure have many layers, each with a unique
fiber orientation. Although the third dimension is isotropic, these layers are stacked
symmetrically to maintain balanced qualities in two dimensions. This layered structure
gives the composite a range of strength and stiffness characteristics in various
directions, enabling customized mechanical behavior.

The characteristics of the layers that make up quasi-orthotropic materials and the order
in which they are stacked determine how they behave. The orientation and arrangement
of the individual layers are determined by the stacking order, which in turn, affects the
composite's overall mechanical response. Specific qualities such as stiffness, strength
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and anisotropy can be produced by intentionally changing the stacking order.
Anisotropic behavior, or the variation of mechanical properties with direction, is
exhibited by quasi-orthotropic materials. The composite exhibits various stiffnesses,
strengths and thermal expansion coefficients in the two orthotropic planes. However,
the composite behaves uniformly in all directions in the third isotropic plane. For their
design and analysis quasi-orthotropic materials require an understanding of their
structure and behavior. This allows engineers to take advantage of the customized
qualities of these composites for applications in fields such as marine technology [89].

2.4.2 Stiffness matrix for quasi-orthotropic materials.

In the research and characterization of composite materials, particularly quasi-
orthotropic materials, the stiffness matrix is vital. It provides crucial details on the
mechanical behavior of the material and describes how stress and strain interact in the
material.

For quasi-orthotropic materials the stiffness matrix is given by the following:

Q11 Q12 0
[Q] = [Qu Q22 0 ] (7)
0 0 Qe

In this matrix, Q11, Q22, and Qes represent the longitudinal, transverse, and in-plane
shear stiffness coefficients, respectively. Qa2 is the coupling stiffness coefficient. The
qualities of the constituent materials, such as the fiber and matrix, as well as the volume
fractions and orientations of the fibers, determine the stiffness of the matrix
components. The longitudinal and transverse stiffness coefficients, Q11 and Q22, can be
estimated using the rule of mixtures, as discussed earlier. The coupling stiffness
coefficient Q12 accounts for the interaction between the longitudinal and transverse
directions and depends on the specific fiber and matrix materials. The in-plane shear
stiffness coefficient, Qss, is typically calculated as the product of the in-plane shear
modulus and the thickness of the quasi-orthotropic material. The prediction of a
material's mechanical response under various loading situations is made possible by the
stiffness matrix which offers useful information about the anisotropic behavior of
quasi-orthotropic materials.[88].
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2.4.3 Limitations of quasi-orthotropic material model

Understanding the mechanics of quasi-orthotropic materials is of significant
importance for several reasons:

1. Design Optimization: Engineers can optimize their designs for particular
applications by understanding the mechanical behavior of quasi-orthotropic
materials. The mechanical properties of the composite can be tailored to suit the
required specifications, such as strength, stiffness and durability, by adjusting
the fiber orientations and layer stacking order.

2. Structural Analysis: Analyzing and modeling the structural response of
composite components requires a precise understanding of the mechanics of
quasi-orthotropic materials. Designers can create safe and effective designs
using this knowledge to evaluate the load-bearing capability, deflections and
failure modes of quasi-orthotropic structures.

3. Material Selection: The choice of suitable constituent materials, such as fibers
and matrices, depending on the required qualities and performance criteria, is
made easier with an understanding of quasi-orthotropic material mechanics.
This guarantees that the materials are capable of offering the required stiffness,
strength and other mechanical properties for the specified application.

4. Performance Prediction: Designers can estimate the behavior of these
composites under varied loading circumstances with accuracy if they have a
strong grasp of the mechanics of quasi-orthotropic materials. This involves
evaluating how they react to thermal, dynamic and static loads in addition to
anticipating fatigue behavior and long-term durability.

Designers can use the unique features of quasi-orthotropic materials to construct
lightweight, high-performance structures for a variety of applications by fully
understanding their mechanics [89].

It is important to recognize the limits of the models used to describe the behavior of
quasi-orthotropic materials, such as the stiffness matrix approach and rule of mixtures.
These limitations include:
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Assumptions of Homogeneity: Numerous theories presuppose that the
composite material is homogeneous and that all areas of the construction have
the same qualities. However, in practice, small differences in characteristics
might be introduced by changes in fiber orientations, resin distribution and
interfacial bonding, deviating from the expected behavior.

Neglecting Complex Interactions: Complex interactions between fiber and
matrix, such as fiber / matrix debonding, interfacial slipping, or fiber breakage,
are frequently ignored in simplified models. Especially under conditions of high
loads or stress, these interactions can have a considerable impact on the overall
mechanical behavior.

Lack of Material Variability Consideration: Due to manufacturing procedures,
material defects and environmental factors, composite materials have
significant property variability. Simplicified models frequently ignore this
unpredictability which could result in errors when predicting how quasi-
orthotropic materials will behave in practical situations.

Influence of Manufacturing Defects: Models often assume a composite
construction free of flaws, ignoring the effects of production flaws such as
voids, porosity, or fiber misalignment. The mechanical characteristics of the
material and how it reacts to external loads can be significantly impacted by
these flaws.

Nonlinear Behavior: Simplicified models frequently assume linear elastic
behavior, ignoring the quasi-orthotropic materials' nonlinear response to high
stresses or complex loading conditions. The mechanical behavior of the material
can be significantly impacted by nonlinear events such as fiber/matrix damage,
plastic deformation, or matrix cracking.

It is crucial to be aware of these restrictions and to take into account more sophisticated
modeling methods, such as micromechanics or finite element analysis, to more
precisely depict the complicated behavior of quasi-orthotropic materials. [89].
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3 Composite Failure Criterion

3.1 Tsai-Wu

The Tsai-Wu failure criterion is an anisotropic failure criterion commonly used to
assess the failure of composite materials. It considers the interaction between normal
and shear stresses and provides a quantitative measure of the failure potential of the
composite material. The Tsai-Wu failure criterion is expressed as following:

F = F1'0'1 + F2'0'2 + F11'O'12 + F22'O-22+ F66.T]2_2+ 2'F12'0-1'0-2S 1(8)

In the expression above, 1 and 62 are the normal stresses, t12 is the shear stress and
F1, F2, F11, F22, F12, and Fes are material properties known as Tsai-Wu interaction
coefficients or Tsai-Wu constants. Each coefficient is dependent on the strength of the
material under specific stress conditions (tension, compression, shear). The coefficients
are calculated based on the strengths of the composite material in tension, compression
and shear, which are typically obtained from laboratory testing. [89]. The coefficients
are calculated as following:

F, = L F, = 1 1 F,, = —0.5 ! ! 9
! 01t Opc e 01t Op¢ 2 . (o1t * 01c) (026 " 02)

F,, = ! F, = ! F.. = ! 10

11 — U1t . 0'15 y 122 — UZt , O-ZC 166 — 7'?12 ( )

Where: o1tand olc are the tensile and compressive strengths in the 1 direction (fiber
direction), respectively. The o2t and o2 are the tensile and compressive strengths in the
second direction (perpendicular to the fiber direction), respectively and ts12 is the in-
plane shear strength.
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3.2 Application in the Marine Industry

In the marine industry, the Tsai-Wu failure criterion and the safety factor are widely
used to build and assess composite constructions. They support analyses of laminated
composites' tensile strength and failure potential under the complicated loading
circumstances present in marine applications. Engineering professionals can identify
whether a composite component is prone to failure or can safely resist the applied loads
by comparing the calculated Tsai-Wu failure index with the unity value. By offering a
safety factor that guarantees the structural reliability of composite materials under
marine conditions, the Tsai-Wu safety factor directs the design process. To reach a
desired safety margin and comply with regulatory criteria, it assists designers optimize
the placement of the composite, fiber orientations and thickness of the laminate [92].

3.3 Limitations and Considerations

Although the Tsai-Wu failure criterion and the safety factor provide valuable
information, it is important to recognize their limits. These models ignore the post-
failure response and assume linear elastic material behavior. Furthermore, they do not
take into account environmental degradation, manufacturing flaws, or material
heterogeneity. Therefore, it is important to use additional analysis methods, such as
finite element analysis, to take these elements into account and improve the precision
of failure predictions. To determine the possibility of failure and guarantee the
reliability of composite materials in the marine industry, the Tsai-Wu failure criterion
and safety factor are useful tools. Designers can make accurate decisions to produce
strong and long-lasting composite constructions, improving the performance and safety
of marine vessels and components, including these models into the design process [91].
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4 Yacht Crane Installation

The theory of sandwich composites and fracture mechanics finds application in the
reinforcement of the bow under the crane base of a yacht made of composite materials.
The expected effect of T reinforcement in construction includes the following:

i.  Reduction of local stress on the crane base
ii.  Reduction of stresses in transverse frames
iii. ~ Smoother load distribution in construction through the T-Joint

The regulations to be used for the design and control of the T-connection are based on
the DNV Classification Society and the American Petroleum Institute APl with
reference to their respective annexes. The uploading and downloading of the tender will
be the main function of the crane, i.e., the load which interacts with the sea and contains
dynamic charges. The regulations will also apply to the Offshore Standards.

4.1 Design of T Joint

The T-Joint consists of the longitudinal bulkhead and the deck, while the reinforcement
of the T-Joint consists of the overlamination skin and the adhesive-filler. Essentially,
this reinforcement connects the longitudinal bulkhead to the deck via the
overlamination skin using the adhesive, with an angle of fillet between the deck and the
longitudinal bulkhead, 45 degrees as an optimal, according to bibliographic references.
The material specifications for this connection are presented in the following chapters.

The construction drawings in millimeters and its 3D illustration are shown below:
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Figure 6:T-Joint Reinforcement Design
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4.2 Design Regulations Yacht Crane

Typical loads considered in the analysis of deck and crane are:

Loads on crane:
I.  Regular loads
a.Dead loads: Dead loads are the weights of all fixed and mobile
components of lifting appliances and loose gear permanently
present during operation.
b.Hoist loads: Sum of a lifting appliance's working load, the
weight of its fixed load-lifting attachments and half of the
weight of that part of hoist medium, which is arranged between
rope exit point and fixed load-lifting attachments
c.Dynamic forces due to drive systems at crane: They relate to
the dynamic loads resulting from movements of the crane itself,
i.e., lifting and rotating the load.
d.Dynamic forces by ship motions at crane and structure: It refers
to the dynamic loads applied to the crane components and the
load when the ship is in a severe wave state.
ii.  Irregular loads
a.Wind loads: They relate to the wind-related charge values of
the crane components and also to the load.

4.2.1 Crane Loads Calculation Procedure according to DNV
and API2C

The general methodology for calculating the loads to be applied to the crane base in
accordance with [80],[81] and [82] results is as following:

1. Calculation of the geometrical centers of the crane and tender

Find Dead load and Hoist Load from study data

3. Calculation of the components Dead Load and Hoist Load in the directions
Longitudinal, Vertical and Transverse after the effect of the static List and Trim
angles ¢ and 0 respectively.

4. Calculation of inertial forces due to the movement of the crane itself during
lifting of the load, multiplying Dead Load and Hoist Load by the dynamic
coefficient .

5. Calculation of inertial forces at the working ratio of the crane itself during
transport-spin of the charge by multiplying the masses Dead Load and Hoist
Load by the corresponding centrifugal and tangential accelerations of the crane.

N
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6. Calculation of inertial forces in the crane's Dead Load when finding the ship in
large ripples, multiplying the mass Dead Load by the corresponding roll, pitch
and heave accelerations of the ship.

7. Calculation of the wind force exerted on the tender crane system taking into
account the worst direction.

8. The above forces shall be summed by the respective components and multiplied
by the safety factor c. The calculation of the above forces has been made in
components Longitudinal, Vertical and Transverse according to the ship's
coordinate system.

9. According to the geometric centers of the crane, these forces are transferred to
the crane base along with the corresponding transfer moments.

The speeds of the ship as a floating body are determined by the corresponding annex of
the DNV [83].

4.3 Calculation of Design Loads

The problem concerns strengthening the bow to mount a crane base on a 40m yacht
made of sandwich composites. The bow in the crane area should be checked for its total
strength for the design loads specified in the regulations according to the failure criteria
for composite materials such as the Tsai-Wu. The strength is presented in the form of a
safety factor. Also, the T-type connection is checked locally to a fracture effect
assuming that during its construction voids have been created at specific points (in
Appendix C). Initially, the loads are applied to the construction without the presence of
the T-Joint reinforcement in order to check the strength of the existing construction.
With the aim of improving the tendencies and the remaining mechanical properties of
the bow, the T-Joint connection is placed in a strategic position and the strength of the
construction is re-checked. These results can be compared later. Finally, considering
that during the construction of the T-Joint the adhesive that connects the deck with the
T-Joint overlamination has not become cured, a weak strip has been created from which
a crack can spread that will make the T-connection nonfunctional.

For the remaining study parameters, the crane is studied while in service it is lifting and
slewing the load at the same time. The ship is studied in when the bow falls into wave
trough. Thus, a heel in port side direction and a trim in fore direction is generated. Wind
loading is considered to allow wind forces and moments to be added to the direction of
the most unfavorable situation.
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4.3.1 Definitions

— A.1.Ship Coordinate System of motions sign convention

positive surge is translation in the X-axis direction (positive forward)

positive sway is translation in the Y-axis direction (positive towards port side of ship)

positive heave is translation in the Z-axis direction (positive upwards)

positive roll motion is positive rotation about a longitudinal axis through the COG (starboard down and
port up)

positive pitch motion is positive rotation about a transverse axis through the COG (bow down and stern
up)

positive yaw motion is positive rotation about a vertical axis through the COG (bow moving to port and

stern to starboard).

Figure 7:Ship Coordinate system [84]
— A.2.Trim and List sign convention

Trim is considered positive when the bow inclination is forward 'nose-down'.

The list is considered positive when the inclination of the ship is on the port side.

— A.3.Forces and Moments Coordinate system sign convention

VG: Force acting in Vertical direction on center G

LG: Force acting in Longitudinal direction on center G

TG: Force acting in Transverse direction on center G

MLV: Moment generated from Vertical force around Longitudinal Axis
MLT: Moment generated from Transverse force around Longitudinal Axis
MVL: Moment generated from Longitudinal force around Vertical Axis
MVT: Moment generated from Transverse force around Vertical Axis
MTL: Moment generated from Longitudinal force around Transverse Axis

MTV: Moment generated from Vertical force around Transverse Axis
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= Crane in Service:

4

v VG()

MVL() ey G
TG(+)/ T

MTL(+)

CRANE U U

FOUNDATION L
MLV(-) MLT(-)
Table 2:Moments Sign Convention
MOMENTS IN SERVICE
ML MT MV
V- -
L+ + -
L- - +
T+ -
T- +

— A.4. Crane in service assumptions

= The crane extends in the transverse direction of the ship.

= Heel angle of 5 degrees port side

= Trim angle of 2 degrees fore

= Wind speed 25 m/s

= The ship is in mooring condition with two anchors.

= Sea state of significant wave height 3 m

= Hogging, Sagging and hydrodynamic loads (such as slamming) of bow
region do not exist. Only the loads related to crane are taken into account.

— A.6.Dictionary

= Sea operation: The crane operates when the ship is mooring in an
unsheltered location.

= Dynamic Hoist Load: The load of the hoist during the lifting operation
multiplied by the dynamic amplification factor.

= Dynamic Amplification factor y: Safety factor that considers the dynamic
phenomena during the lifting of a load.

= Partial safety factor M: Safety factor applied in load and crane, considered
sea operation.
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4.3.2 Crane Main Data

Table 3:Crane Data

Crane Main Data
Hoist load= 1500 kg
Dead Load= 2200 kg
Area Compl= 0.49 m?
Area Comp2= 1.59 m?
Area Comp3= 1.2m?
Projected area for crane= 3.288m?
Projected area of the tender= 0.375 m?
Total projected Area A= 3.66 m?
Lifting capacity (Kg) 3000
A (mm) 5850 L R T
B (mm) 4050 i
G () 180 or 270 i
H {mm) 1370 I
K (mm) 1215
L (mm) 4700
N (mm) 650
[P (mmy) 6400
Q (mm) 4300
R (mm) 2580
S (mm) 1340
T (mm) 1200
W (mm) @1150
Weight (Kg) 2200

JC Compl |

@ berenzen!

ITALY

Product

G 370

Hydraulic Crane
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Figure 8:Crane Drawing
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— B.1. Crane in Service

Table 4:Crane Geometric centers Crane Transverse Fully Extend +Tender
Calculation Centers

Transverse Center of Gravity TG= 1.967 m

Longitudinal Center of Gravity LG= Om
Vertical Center of Gravity VG= 0.929 m

Crane Boom Transverse Distance= 5.856m
Crane Boom Vertical Distance= 1.37 m.

4.3.3 Yacht Main Data

Table 5:Yacht main data

SHIP DATA

Length over all= 40
Scantling Lenght= 39
Length at water line= 36

Draft at full load T= 2
Height at the main deck D= 4.1
Beam B= 8.3
Lightship Displacement= 180
Full load Displacement= 235
Maximum speed at 200 tons= 24
Block coefficient CB= 0.4.

According to DNV YACHTS [84], the ship is in High Speed Craft Category.
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Calculations for Design Loads at the base of the crane are made according to the
regulations DNV Shipboard Lifting Appliances [80], DNV Offshore Lifting Appliances
[81] and API2C [82].

The option of determining the loads through three different regulations was chosen in
order to compare the results and to check the accuracy of the calculations. The results
of the three regulations should not differ significantly.

4.3.4 Calculation according to DNV Shipboard Lifting
Appliances

4.3.4.1 Regular Loads

Regular loads are the loads that are permanently present in each study situation.

4.3.4.1.1 Dead Loads

Dead loads refer to the structural components of the crane.

LE= 21582 N
4.3.4.1.2 Hoist load at sea operation

Hoist loads refer to the force acting on the crane boom due to working load.

LH= 15450.75N

4.3.4.2 Dynamic forces due to drive systems at load and
crane

These forces consider the inertia of the lift load and the crane components during the
movement of the total crane system. This calculation exists only when the condition is
that the crane is in service. In crane in service operation, the initial position of crane
extends at ships transverse direction.

4.3.4.2.1 Lifting of a load

Lifting load refer to the condition that the crane pulls vertically the hoist load with a
dynamic amplification factor consider as y=1.4. The dynamic amplification factor is
multiplied with Hoist Load LH.
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At this operation the crane components may be considered inertia forces from static
trim and list of ship, but without dynamic amplification factor.

The longitudinal and transverse forces components are resulted only from trim and list
inclination of the ship during lifting of a load.

4.3.4.2.1.1. Force in Ships' Vertical direction including list and trim

The force induced on the hoist load or crane components when the ship has trim (2
degrees) and list (5 degrees) inclination and performs the lifting of the load. To include
the most unfavorable angle situation we consider the angle € = \/(trimz) + (list?) in
the trim direction.

The general formulation of the above is given as following:

Load vertical inclination = Load - cos(¢) (11)

Hoist loads refer to the force act on crane boom due to working load after multiplied
with dynamic amplification factor y=1.4 and the ship has inclination of 2 degrees trim
and 5 degrees list.

Dynamic Hoist Load vertical inclination LHDI=  21831.823 N

Dead loads refer to the structural components of the crane after a 2 degree trim and a
5 degree list of the inclination of the ship.

Crane Dead load vertical inclination LEI= 21486.743 N

4.3.4.2.1.2. Force in Ships' Longitudinal direction including list and trim

The force induced on the hoist load or crane components when the ship has trim (2
degrees) and list (5 degrees) inclination and performs the lifting of the load. To include
the most unfavorable angle situation we consider the angle € = \/(trimz) + (list?) in
the trim direction.

The general formulation of the above is given as following:
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Load longitudinal inclination = Load - sin(¢) (12)

The results are as following:

Dynamic Hoist Load Longitudinal inclination= 2058.012 N

Crane Dead load Longitudinal inclination= 2025.482 N

4.3.4.2.1.3. Force in Ships' Transverse direction including list and trim

The force induced on the hoist load or crane components when the ship has trim (2
degrees) and list (5 degrees) inclination and performs the lifting of the load.

The general formulation of the above is given as follows:

Load longitudinal inclination = Load vertical inclination - sin(heel) (13)

The results are as following:

Dynamic Hoist Load Transverse inclination= 1902.769 N

Crane Dead load Transverse inclination=  1872.693 N

4.3.4.2.2 Suspended load

Suspended load refers to the condition that the crane rotates the hoist load in slewing
radius to place it on the deck. In suspended load conditions no dynamic amplification
factor y is considered. Additionally, this operation results in inertia forces due to
tangential accelerations on the lifting load and the crane components. Trim and list
contribution, as defined in Lifting of a load, is considered by vectorially addition at
each force component.
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4.3.4.2.2.1. Force in Ships' Vertical direction

Without a dynamic factor v, the value of Load vertical inclination over y must be
taken into account.

Total Vertical load with inclination for Hoist Load=15382.55 N

Total Vertical load with inclination for Crane dead Load= 21486.7N

4.3.4.2.2.2Force in Ships' Longitudinal direction

When the crane rotates from the transverse direction to the longitudinal direction, a
tangential acceleration is induced at the lifting load and the crane components. This
force has direction at ships longitudinal. Also, force components from ship inclination
are added vectorially.

With the known value of the slewing radius r=5.85 m, the n=4 rpm of the slewing and
calculates the tangential and centrifugal acceleration by by respectively from the formula

;n2
by = by = b ="~ = 1.029 7 The general formulation is the following:

Load tangencial = Load - b (14)

The results are as following:

Total Longitudinal load with inclination for Hoist Load= 3749.26 N

Total Longitudinal load with inclination for Crane dead Load=  44015N

4.3.4.2.2.3.Force in Ships' Transverse direction

Forces may induce in the transverse direction of the ships if centrifugal acceleration is
considered. In this case, the centrifugal forces are not ignored and forces applied in this
direction due to ship inclinations.

With the known value of the slewing radius r=5.85 m, the n=4 rpm of the slewing and
calculate the tangential and centrifugal acceleration by br respectively from the formula

;n2
b, = b, = b =~ = 1.029 7 The general formulation is the following:
Load centrifugal = Load - b (15)
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Total Transverse load with inclination for Hoist Load= 3530.4N
Total Transverse load with inclination for Crane dead Load= 4135.55 N
4.3.4.3 Dynamic forces by ship motions at crane and

supporting structure

When the ship operates at sea the ship motions depend on the waves and the state of
the sea. These motions create forces at the supporting structure of the crane and must
be considered for the case study of crane in service and crane out of service. For the
structural components of the crane only these forces are considered. The case study of
crane in service contemplates accelerations based on the acceleration of the floating
vessel body in the crane bases for the roll period of 9.8 seconds and the pitch period of
5.4 seconds for the oblique sea. Also, for specific accelerations for the equipment, as
defined in DNV [83].

4.3.4.3.1 5.4.3.1.Force in Ships' Vertical direction

With vertical acceleration a, = 6.44 SEZ The vertical inertia force for crane components
is:

Extra Vertical Component due to crane base acceleration=14175.7 N

4.3.4.3.2 5.4.3.2..Force in Ships' Longitudinal direction

With longitudinal acceleration a;, = 2.16?2 The longitudinal inertia force for crane
components is:

Extra Longitudinal Component due to crane base acceleration = 4765.6 N

4.3.4.3.3 5.4.3.3. Force in Ships' Transverse direction

With longitudinal acceleration a; = 4522 The longitudinal inertia force for crane
components is:

Extra Transverse Component due to crane basis acceleration =  8949.6N
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4.3.4.4 Irregular loads

4.3.4.4.1 Wind loads

Wind induces forces in the structural components and the crane tender. These forces
act on the center of the area of the crane-tender system. For crane in service case study
the wind velocity is calculated as 25 m/s with direction at ships longitudinal. Notice
that, in service, the crane position extends in the transverse direction of the ship.

Wind load crane in service= 2289.31N

4.3.4.5 Load combinations results and safety factors

Table 6:Load Combinations according to DNV Shipboard Lifting Appliances
Crane in service

Components | Load combination Il (Regular loads-
Base on Wind-Dynamic forces)
Category Loads Ships Sea operation
C()S(;/rs(:érr:?te 111 During lifting 2 Stljjggnded
Hoist Load (Vertical) and Dynamic forces = Logitudinal 2058.012 3749.260
due to drive (Load) (N) (Inclination Vertical -21831.823 -15382.555
included) Transverse 1902.769 3530.391
Regular Dead Load _(Vertical) and Dynamic forces Logitu_dinal 2025.482 4401.482
loads due to drive (Qrane) (N) (Inclination Vertical -21486.743 -21486.743
included) Transverse 1872.693 4135.550
. i . Logitudinal 4765.575 4765.575
Extra Dynamic (fgrr;ﬁz)dg\le)to Ship MOUoNs ==/ fical -14175.744 -14175.744
Transverse 8949.571 8949.571
Irregular . Logitu.dinal 2289.313 2289.313
loads Wind loads (N) Vertical 0.000 0.000
Transverse 0.000 0.000
Global safety factor ys= 1.34.
The forces and moments at the crane foundation on the deck after transfer by
distances of center of mass and area coordinates of the crane-tender system and safety
factor are as follows:
Hoavemotnuolmoin
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Table 7:Loading Condition of Crane according to DNV Shipboard Lifting Appliances

Summary of Total Forces and Moments on Crane Foundation-Crane In Service

Sea operation

Load Components 111 During 112 Suspended Average
lifting load Combined

Force Logitudinal (kN) 14.925 20.376 20

Force Veritcal (KN) -77.042 -68.400 76

Force Transverse (KN) 17.052 22.265 22

Moment Around Longitudinal Axis (KNm) -282.106 -186.571 -280
Moment Around Vertical Axis (kNm) -40.066 -59.586 -64
Moment Around Transverse Axis(kNm) 15.087 21.151 22.

4.3.5 Calculation according to DNV Offshore Lifting Appliances
4.3.5.1 Principal loads

The dead weight of the crane components and the working load on the crane boom are
considered principal loads. The weight of the crane boom is ignored.
4.3.5.1.1 Loads due to dead weight of crane

The load due to the dead weight of the crane components SG in kN is:

Se=__ 21.582 kN

4.3.5.1.2 Loads due to working load

The load due to the working load S in kN is:

Si=_ 14.715kN

4.3.5.2 Principal loads after inclination

When static inclination is considered for the ship, the principal loads acquire different
force components in the vertical, longitudinal and transverse direction of the ship. The
trim inclination is defined by angle 0 and the list inclination is defined by angle o. In
this study, consider the minimum angles 6=3 deg and ¢=5 deg.
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Ships vertical direction

The vertical component of the principal loads after inclination is calculated as:

Siy = S; - cos(0) (16)
The force components in the vertical direction of the ship are:

Sev=_ 21.57 kN

Siv=_14.71 kN

4.3.5.2.2

Ships’ Longitudinal direction

The longitudinal component of the principal loads after inclination is calculated as:

SiL = Si ' Sln(@)
The force components in the longitudinal direction of the ships are:

(17)

SeL=

0.75 kN

Sit= 0.51 kN

4.3.5.2.3

Ships’ Transverse direction

The transverse component of principal loads after inclination is calculated as:

SiT = Si : Sm(@) (18)
The force components in the transverse direction of the ship are:

Ser=

1.88 kN

Sut=

1.28 kN
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4.3.5.3 Vertical loads due to operational motions-
Calculation of dynamic factor g

To determine the dynamic factor y one must take into account the stiffness of the crane,
the work load and the relative velocity between the hook and load at the time of lift-off.
The stiffness of the crane depends on the modulus of elasticity of the wire ropes, the
nominal strength of the wire rope, the strain and the extension of the cable in unit length
and can be calculated or provided as data from the manufacture of the crane. The
relative velocity between hook and load depends on downward velocity, jib tip velocity
and velocity of lifting off load from sea surface. Due to the lack of data on crane
stiffness from the manufacturer and the exact determination of velocity, the factor is
taken empirically from DNV [80].

The dynamic factor y takes the value:

Y =14 (19)

4.3.5.3.1 Vertical Principal loads after dynamic factor

Multiply Sev, Scv with dynamic amplification y. The principal vertical loads after
dynamic factor  are:

Scvy=_30.2 KN
Stvy=_ 20.6 KN

4.3.5.4 Horizontal loads due to operational motions

Horizontal loads take into account the slewing of the working load by the crane due to
operational motions. Considering crane slewing with n=4 rpm, a tangential force (side-
lead) in the longitudinal direction of the ship and centrifugal force (off-lead) in the
transverse direction of the ship is induced.

4.3.5.4.1 Ships' Longitudinal direction

The formulation of the tangential forces for crane and work load, considering the
slewing radius r, the load Si and the sea state of the significant wave height Hs=3m is:

S:
Sits = Wlo' [25+ 0.1 7-n+ H,] (20)
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The results of the calculation are the following:

Sers= 1.37 kN

Siis= 1.61kN

4.3.5.4.2 Ships’ Transverse direction

The formulation for centrifugal forces for crane and working load considers the slewing
radius r and the load Si as following:

Sirs = n?-r (21)

The results of the calculation are the following:

Seis= 0.68 kN
Sits= 1.93 kN
4.3.5.5 Loads due to motion of vessel

When the ship operates at sea the ship motions depend on the waves and the state of
the sea. These motions create forces at the supporting structure of the crane and must
be considered for the case study of crane in service and crane out of service. For the
structural components of the crane only these forces are considered. The case study of
crane in service contemplates accelerations based on the acceleration of the floating
vessel body in the crane bases for the roll period of 9.8 seconds and the pitch period of
5.4 seconds for the oblique sea. Also, for specific accelerations for the equipment, as
defined in DNV [83].

4.3.5.5.1 Ships' Vertical direction

With vertical acceleration a, = 6.44?2 The vertical inertia force for crane components
is:

Sevi= 19.83 kN
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4.3.5.5.2 Ships’ Longitudinal direction

With longitudinal acceleration a; = 2.16532 The longitudinal inertia force for crane
components is:

SeLi= 4.76 kN

4.3.5.5.3 Ships' Transverse direction

With longitudinal acceleration a; = 4522 The longitudinal inertia force for crane
components is:

Seti=_ 8.95kN

4.3.5.6 Loads due to wind

The wind loads are the same as calculated in the section Wind loads, because there has
been no change in geometry or wind parameters.

4.3.5.6.1 Ships’ Longitudinal direction

Wind induces forces in the structural components and the crane tender. These forces
act on the center of the area of the crane-tender system. For crane in service case
study the wind velocity is calculated as 25 m/s with direction at ships longitudinal.
Notice that, in service, the crane position extends in the transverse direction of the
ship.

Wind load = 2289.3 N

4.3.5.7 Load combinations results and safety factors

The forces and moments on the crane foundation on deck, after their multiplication
with the safety factor and transfer by distances from the center of mass and area
coordinates of the crane-tender system, are as following:

Havemeotnpuotmoi
LATDNG \I_'ll.-c' i}

44



WO AYr,
™ 7

NANEMIZTHMIO AYTIKHZ ATTIKHI

M ZXOAH MHXANIKQN

NANg,,
L7
, .
4
T L

TMHMA NAYTHIQON MHXANIKQN

Table 8:Loading Condition of Crane according to DNV Offshore Lifting Appliances
Load Case with wind and ship motion-Forces and Moments at crane base

Load combination sea operation crane

Forces and Moments in service combined lift off and slewing

Vertical forces (kN) 74.4
Longitudinal forces(kN) 135
Transverse forces (kN) 17.66

Moment around vertical axis (kNm) 36.57
Moment around longitudinal axis(kNm) 280.73
Moment around Transverse axis(kNm) 11.17.

4.3.6 Calculation according to API12C

The American Petroleum Institute [82] provides a clear and understandable
methodology for calculating crane loads. This methodology does not take into account
the phenomenon of ship movement in terms of velocity, but considers these factors
using the significant wave height Hs. For this reason, the forces and moment values of
API2C are expected to be smaller than the DNV values.

The term side-lead refers to trim inclination and off-lead to heel inclination.

The calculations at the end of the methodology are converted from US unit system to
Sl unit system.

4.3.6.1 Vertical Design Load

The vertical design load results from the work load multiplied by the dynamic factor
Cv.

As explained in the chapter “Vertical loads due to operational motions-Calculation of
dynamic factor y”, due to the lack of data on crane stiffness from the manufacturer and
the exact definition of the velocity, the factor is taken empirically from DNV [80]

The dynamic factor Cv takes the value:
C, = 1.45 (22)
The vertical design load is as following:

Vo= 4795 Ib force
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4.3.6.2 Off-lead and side-lead due to other floating body
motions.

When the load is lifted from a surface which is not calm but has relative motion
compared to the ship, in this case the sea, off-lead and side-lead forces may be induced
in the crane system.

Considering angle ¢=48 deg between the horizontal plane and the end of the extended
crane arm, vertical distance of the boom tip above the sea surface H,=31.94 ft , length
of the extended crane arm BL=19.2 ft and significant wave height of Hsig=9.84 ft , then
the off-lead and side lead due to other motion of the floating body are provided by the
formulas:

2.5+ 0.457 - Hy,

w, =VpL- 23
offsB = *PL 0305 - (H,, + BL - sing) (23)
W SB
Wsidgess = ng (24)

The Wy; 4055 Shall not be less than 0.02 -V,
The results of the calculations above are as following:

Wortsg =3416 Ib force

Wsigess =1708 Ib force
4.3.6.3 Horizontal loads due to static crane inclination

When static inclination is considered for the ship, the principal loads acquire different
force components in the longitudinal and transverse directions of the ships.

The trim inclination is defined by angle 6 and the list inclination is defined by angle .
In this study, consider the minimum angles 6=2 deg and ¢=5 deg.

For the hoist load consider as load the Vpr, while for the crane the dead load of
components is in Ib force.

The formulation for off-lead and side-lead is:
Wsidgec: =V - tan(@) (25)
Wosser =V - tan(@) (26)
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The results from the formulation above are:

Wsideci =167.44 Ib force

Wisidecic =169.37 Ib force

Woscit =419.51 Ib force

Woticic =424.33 |b force

4.3.6.4 Horizontal loads due to crane motions

The crane motions depend on the state of the sea and take into account the parameter
of significant wave height to determine the acceleration for dynamic calculations. With
a significant wave height of Hsig=9.84 ft, the crane dynamic acceleration is given from:

a=001-Hg, =0.01-9.84"" 5 a=012g's (27)

The crane base angle is equal to €=45 degrees and is in the horizontal plane. For
example, if the crane base angle was 0 degrees, then only the off-lead exists. Therefore,
the dynamic force has off-lead and side-lead components on account of the 45 degree
angle. Note that for the load calculations the Vp. is used.

The vertical component of the crane and load is given by:
Whorizontaiem =V - @ (28)
The off-lead and side-lead components are:
Worrem = Whorizontaicm * €0S(€) (29)
Wsidzecm = Whorizontaicy * Sin(e) (30)
The results of crane and load are:

Whorizontaicme =593 Ib force

Wosicmr =419.34 |b force

Wsidecmr =419.34 |b force
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Whorizontalicmec =599.86 Ib force

Wosicmc =424.16 b force

Wsidecme =424.16 Ib force

4.3.6.5 Combination of Horizontal design loads

The horizontal design loads can be superimposed as following:

— 2 2
WsidedynL - \/WsideSB + WsideCML

Wosraynt = J Wierse + WisremL

Wsidedync = Wsidecmc

WoffdynC = WoffCMC

The resultant horizontal design load for the lift load is:

Wsidedan =1758.74 b force

Woffdan =3441.69 b force

Wsidedync =424.16 b force

Wottaync =424.16 Ib force
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4.3.6.6 Wind loads

The wind load, as shown in “Wind loads” and “Loads due to wind”, is:

Wind load side-lead in hoist load =52.6 b force

Wind load side-lead in crane =514.64 Ib force

4.3.6.7 Inertia forces due to Crane dead weight
components

In order to be more accurate according to the results above and to have a comparison
of values, the vertical inertia force component due to ship motions in sea must be added
to this analysis. According to DNV [83] the vertical acceleration is a;, = 1.07 g's and
the vertical inertia load of crane is calculated as:

VCI = av - VC (35)
The inertia vertical force is:

Ve =5189.63 Ib force

4.3.6.8 Total forces-moments formulation and safety
factors

The total loads for the hoist load including the safety factor SF are:
Total vertical load for hoist load = WTV, = SF - (Vp,) (36)
Total of flead load for hoist load = WTO, = SF - (WoffaynL) (37)
Total sidelead load for hoist load = WTS;, = SF - (Wyigeayn, + Wind load L )(38)
The total loads for the crane including the safety factor SF are:
Total vertical load for crane = WTV, = SF - (V) (39)
Total of flead load for crane = WTO, = SF - (Woffdync) (40)

Total sidelead load for crane = WTS; = SF - (Wsidedync + Wind load C )(41)
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Knowing the center of gravity of the crane tender system (Vg,Lg,Tc), the radius (R) of
the extended crane arm and the transverse and vertical distances of the crane boom
(CeT,CaV) from the center of rotation of the crane, the moments produced by loading
and loading are:

Inplane moments(Around Longitudinal axis) Load = IMLVL = WTV, - R (42)
Inplane moments(Around Longitudinal axis) Load = IMLOL = WTO,, - Cgy(43)
Inplane moments(Around Transverse axis) Load = IMTSL = WTS, - Cgy (44)
Torque (Around Vertical axis) Load = TVL = WTS, - R (45)
Inplane moments(Around Longitudinal axis) Load = IMLVC = WTV, - T;(46)
Inplane moments(Around Longitudinal axis) Load = IMLOC = WTO. - V;(47)
Inplane moments(Around Transverse axis) Load = IMTSC = WTS. - V; (48)
Torque (Around Vertical axis) Load = TVC = WTS; - T, (49)

Summarize the forces and moments:

Total vertical load = WTV, + WTV, (50)
Total of flead load = WTO, + WTO, (51)
Total sidelead load = WTS, + WTS, (52)

Total Moments around longitudinal axis = IMLVL + IMLOL + IMLVC + IMLOC (53)

Total Moments around transverse axis = IMTSL + IMTSC (54)

Total Moments around vertical axis = TVL + TV C (55)
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4.3.6.9 Load combinations results Sl unit System

The total load combination in the crane base is provided below in the SI unit system:
Table 9: Loading Condition of Crane according to API12C in SI

Load Case with wind and ship motion-Forces and Moments at crane base
Load combination sea operation crane

Forces and Moments in service combined lift off and slewing
Vertical forces (KN) 66623.44
Transverse forces (KN) 25795.25
Longitudinal forces(kN) 14788.74
Moment aro_und Longitudinal 194503.15

axis(kKNm)

Moment around Transverse axis(kNm) 21215.89
Moment around Vertical axis (KNm) 31425.46

4.3.7 Comparison between studies

From the three studies above, it is useful to compare the loading conditions between
them in order to make a decision about which loads will be used in finite element
analysis. The above cumulative table and figure show the results of each study:

Table 10:Comparison and decision making of loading conditions

Component DNV API2C[B] DNV OFFHORE Overestimate
[A] [C]
Crane Foundation Force
Longitudinal (kN)= 20 14.79 13.5 DNV[A]
Crane Foundation Force
Vertical (kN)= 76 66.62 74.4 DNVIA]
Crane Foundation Force
Transverse (kN)= 22 25.79 17.66 API2C[B]
Crane Foundation
Longitudinal Axis 280 194.5 280.73 DNVIC]
Moments(kNm)=

Crane Foundation Vertical

Axis Moments(kNm)= 64 31.42 36.57 DNVIA]
Crane Foundation Transverse
Axis Moments(kNm)= 22 21.21 11.17 DNV[A]

On the basis of the results above, the most unfavorable study situation is given from
DNV [A] [80] and is used as the final loading condition of the crane base.
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4.4 Finite Element Analysis

Three geometry models have been created. The first model(A) simulates the bow
region, as it already exists, without the t-joint stiffener configuration. The second
model(B) contains a T-Joint reinforcement between deck and longitudinal bulkhead. A
fully solid connection between components without any crack or defection achieved.
Finally, the third sub model(C) contains a cracked T-Joint reinforcement that is
described above. It is assumed that the crack was created during the construction of T-
Joint and that there is a crack propagation during the loading of the construction. The
initial crack located between the over-lamination skin and the deck region of the T-
Joint. The above three models are compared and analyzed below.

4.4.1 Simulation Materials

The simulation material data are imported into ANSYS Workbench according to the
values below. The simulation materials remain the same for all models. The design of
composite materials is done through the ComposelT software [85] of the BV
Classification Society and the ANSYS ACP Module. Setting up the fibers, resin system
and core material, the following composite laminates are produced.

4411 Mats

Table 11:Mechanical properties of Mats

. Fibre Resin 2 | s
Name Fibre | Resin Fl‘l;re in mass/m? | mass/m? I\/(Ia;sn<2n)1 Th(I;:(:SSS Density
’ (g/m?) | (g/m?) | ®
Mat300 E £
Glass Glass Polyester | 60.00 | Volume | 300.00 93.39 393.39 0.7 2.022
Polyester
Mat450 E £
Glass Glass Polyester | 50.00 | Volume | 450.00 210.12 660.12 1.050 1.885
Polyester
Mat900 E £
Glass Glass Polyester | 50.00 | Volume | 900.00 420.23 | 1,320.23 1.475 1.885.
Polyester
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Table 12:Elastic coefficients of Mats
El E2 G12 G13 G23
Name (MPa) | (MPa) | (MPa) (MPa) (mpa) | V12 | V&
Mat300 E Glass 24674 | 24674 | 9490 2915 2915 | 0.300 | 0.300
Polyester
Matas0 E Glass 19976 | 19976 7683 2282 2282 |0.300 0.300
Polyester
Mat900 E Glass Polyester | 19976 19976 7683 2282 2282 0.300 | 0.300.
Table 13: Breaking stress of Mats
Name olT olC o2T cg2C t12 TiLl TiL2
Mat300 E Glass Polyester 247.71 247.71 247.71 247.71 122.93 39.25 | 39.25
Mat450 E Glass Polyester 275.27 | 275.27 | 275.27 | 275.27 | 136.61 44.2 44.2
Mat900 E Glass Polyester 305.95 | 305.95 | 305.95 | 305.95 | 151.84 | 50.15 | 50.15
4.4.1.2 Core
Table 14:Mechanical properties of PVC core
Thickness | Mass/m?
Name Type Core material Densit
e (mm) | (g/m?) Y
Foam PVC Cross
. Foam PVC Foam PVC Cross
Linked, 80 kg/m3, Cross Linked Linked, 80 kg/m3 80.000 6400 0.080
80mm
Foam PVC Cross
. Foam PVC Foam PVC Cross
Linked, 80 kg/m3, Cross Linked Linked, 80 kg/m3 30.000 2400 0.080
30mm
Foam PVC Cross
. Foam PVC Foam PVC Cross
L|nkedz,58n(1):]g/m3, Cross Linked Linked, 80 kg/m3 25.000 2000 0.080.
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Table 15: Elastic coefficients of PVC Core
El E2 G12 G13 G23
Name (MPa) | (MPa) | (MPa) | (mPa) | (mpa) | V12 | V2!
Foam PVC Cross Linked, 80 67 67 31 31 31 0.080 | 0.080
kg/m3, 80mm
Foam PVC Cross Linked, 80 67 67 31 31 31 0.080 | 0.080
kg/m3, 30mm
Foam PVC Cross Linked, 80 |, 67 31 31 31 | 0.080 | 0.080.
kg/m3, 25mm
Table 16: Breaking stress for PVC Core
Name olT | 0lC | 02T | 02C | t12 | TiL1 | tiL2
Foam PVC Cross Linked, 80 kg/m3, 80mm 220 | 1.40 | 2.20 | 1.40 | 1.10 | 1.10 | 1.10
Foam PVC Cross Linked, 80 kg/m3, 30mm 220 | 1.40 | 2.20 | 1.40 | 1.10 | 1.10 | 1.10
Foam PVC Cross Linked, 80 kg/m3, 25mm 220 (140 | 220 | 140 | 1.10 | 1.10 | 1.10.
4.4.1.3 Adhesive
Table 17: Mechanical properties of Adhesive
Name Resin Thickness (mm) Mass/m?2 (g/m?) Density
Epoxy 125mm Epoxy 125.000 156250 1.250.
Table 18: : Elastic coefficients of Adhesive
Name E1(MPa) | E2 (MPa) | G12 (MPa) | G13 (MPa) | G23 (MPa) | vi2 v21
Epoxy 125mm 3100 3100 1500 1500 1500 0.390 | 0.390.
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4.4.1.4.3 Transverse Bulkhead Lamination
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Figure 11: Transverse Bulkhead Lamination layers and mechanical properties
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4.4.1.4.5 T-Joint Over Lamination
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Figure 13: T-Joint Overlamination Lamination layers and mechanical properties
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4.4.2 Geometry of the bow region

The bow region consists of deck, longitudinal bulkhead, transverse bulkhead,
transverse frames in simple form and t-joint stiffener configuration for the two last
models. On the top skin of the deck, the circular crane base foundation pattern has been
engraved to apply the loads calculated above. Also, crack fronts are created between
the lamination skin and the deck. The 3D designs of yacht bow region are shown
through ANSY'S Space claim module as following:

4.4.21  Model(A)

Figure 15:Geometry of Model(A)
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4.4.2.2 Model (B)
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Figure 16:Geometry of Model(B)
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4.4.3 Meshing and Boundary Conditions

4.4.3.1 Meshing

Meshing of model (A) consists of 216446 elements and 247147 nodes. Great
importance has been given to the connection between the components. The nodes are
connected to each other so that the grid is continuously and correctly defined. This
process is done using a smaller mess size in the areas of interest. In the same manner,
meshing of model (B) consists of 304065 elements and 341584 nodes. Particular
emphasis has been placed on the meshing around the T-Joint area to properly carry the
loads.

Figure 17:Meshing of model(A)
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is corresponsive for all the Models.

The mesh quality is checked for Model(B) which

demonstrated below:
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4.4.3.1.1 Element Quality

[ s o Quadd
12238.00
Min 8.5141e-002
Max 0.99964
Average 0.91108
10000.00
7500.00
H
i
H
Z 500000
2500.00
0.00 =

0.09 013 0.25 038 0.50 0.63 075 038

Element Metrics

Figure 20:Element Quality Mesh Metrics

The average value of element quality is around 0.9, close to 1, so from the aspect of

element quality the mesh is quite qualitative.

4.4.3.1.2 Aspect Ratio

[ = Tri3 ) Quad4

12238.00

Min il

Max 22,539
Average 1.2029
Standard Deviation | 0.42754

10000.00

7500.00

Number of Elements

5000.00

2500.00

1.00 4.00 8.00 12.00 16.00 20.00
Element Metrics

Figure 21:Aspect Ratio Mesh Metrics

The average value of aspect ratio is around 1.2, close to 1, so using the aspect ratio
metric the mesh is quite qualitative.
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4.4.3.1.3 Skewness

k= Tri3 < Quad4
12179.00 Min 5.1121e-006
Max 092616
Average 8.5468e-002
10000.00
7500.00
E
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0.00 0.13 0.25 0.38 0.50 0.63 0.75 0.88

Figure 22:Skewness Mesh Metrics

The average value of skewness is around 0.085, close to 0, so using the skewness metric
the mesh is quite qualitative.

4.4.3.1.4 Orthogonal Quality

[ =) T3 =) Quad4

11987.00
Min 9.744e-002
Max 1.
Average 0.9857
10000.00
7500.00
g
£
2
5000.00
2500.00
0.00 1

010 0413 0.25 0.38 0.50 0.63 0.75 0.88
Element Metrics

Figure 23:0rthogonal Quality Mesh Metrics
The average value of orthogonal quality is around 0.98, close to 1, so using the
orthogonal quality metric the mesh is quite qualitative.

Based on the above Mesh Metrics, overall, the mesh of models seems to be qualitative
enough to give corresponding results.
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4.4.3.2 Boundary Conditions
Regarding boundary conditions, the supports used in model(A) and (B) are:

1. Longitudinal Bulkhead: y=0 (symmetry condition)
2. Transverse Bulkhead: x=0,y=0,z=0 (fixed support) on all edges

The boundary condition at the transverse bulkhead is similar to the fixed condition
applied to the edges of the bulkhead.

Figure 24:Boundary Conditions of Models(A),(B)

The forces applied to the area designated as the crane base are those calculated in
“Calculation according to DNV Shipboard Lifting Appliances”, as depicted below:

Figure 25:Forces and Moments for Models(A),(B)

Note that all components are bonded, as they are connected together.

Havemeotnpuotmoi

Adgovg Arydieon

Ayiov Ervpidovos, Avpdlen 12243

s 210 5385100 65



s*"ﬂo ”"t".r

47 % TANEMNIZTHMIO AYTIKHI ATTIKHI
- . IXOAH MHXANIKQN

' TMHMA NAYMHIQN MHXANIKQN

<

MNF,'I

4.5 ANSYS Coordinate Systems Definitions

This definition is necessary to understand the direction of stresses and deformations for
the model. The effects of stresses are based on Global Coordinate System and the
directions of sizes of each component are based on it.

4.5.1 Coordinate System of Normal and Shear Stresses

The symbols for normal and shear stresses accordingly are: s1 or Sx, sz or Sy and S12 or
Sxy. The directions are shown below:

o Frame
ACP Model
23-May-2304:05
Normalk
Ply-Wke
On Solics
Selection:
AP-PIL14_FR2 LAMI
s1 or Sx Direction
o Deck
sz or Sy Direction
ACP Model
23-May-2304:06 i ;
Normas S12 or Sxy Direction lay on Sx, Sy Plane

Figure 26:Ansys ACP Coordinate System Definition of Normal and Shear Stresses
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4.5.2 Coordinate System of Principal Stresses

The symbols for principal stresses accordingly are: Max Principal S;, Middle Principal
Si and Minimum Principal Sii. The directions are shown below:

o Frame

B: Static Structural Bow T
Wector Principal Stress
Type:Wector Principal Stress
Unit: kPa

Time: 1

23-hay-23 011

Wl Mexirnum Principal
I Middle Principal
Wl Minimum Principal

o Deck

B: Static Structural Bow T

Wector Principal Stress 2

Type: Wector Principal Stress

Unit: MPa

Time: 1 z
23-May-23 0412

Bl Haxitum Principal [
W iddle Principal

W Minirurm Principal v

Figure 27:Ansys Mechanical Coordinate System Definition of Principal Stresses
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5 Results

The results of this study mainly concern the strength analysis of the Model(A) and
Model(B). A concept design of yacht crane base is established for specific loading
conditions using DNV Shipboard Lifting Appliances rules [80]. The study of this crane
base was conducted using three models. The Model(A) concerns the study of strength
of the region at the bow of the yacht without T-Joint reinforcement, whereas the
Model(B) is focused on the effect of T-Joint reinforcement.

The numerical results include the total deformation, normal and shear stresses
distribution, principal stresses distribution and fracture results for the sub model(C)
(Appendix(A)). By comparing the deformations and stresses results between the
Models (A) & (B), significant conclusions are drawn for strength, structural
performance and the effect of T-Joint reinforcement.

5.1 Total Deformation

In the context of finite element analysis (FEA), the deformation of a single element due
to a load can be computed using the following general equation:

u=K?"'F (56)
where:
u is the vector of nodal displacements
K is the stiffness matrix of the element
F is the vector of nodal forces

This formula assumes a linear elastic system and isotropic material behavior.

The Total Deformation in ANSYS Mechanical refers to the equivalent deformation,
which combines the deformation in the X, y, and z directions at each node into a single
scalar value using the formula:

Total Deformation = +/(Ux? + Uy? + Uz2) (57)

where:

Ux, Uy, Uz are the displacements at a node in the X, y, and z directions respectively.
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5.1.1 Bow Region

o Model(A):

B: Static Structural Bow
Total Deformation Bow R
Type: Total Deformation
Unit: mm

Time: 1

22-May-23 00:07

45.712 Max
40633
35.554

30475 z
25396

20317

15.237 d

10.158 % 2
5.0792 :

0 Min

Figure 28:Model(A): Total Deformation of Bow Region

o Model(B):

B: Static Structural
Total Deformation E
Type: Total Deforme
Unit: mm

Time: 1

22-May-23 01:23

20.716 Max
18414
16.112

13.81

11509
9.207
6.9052
46035
23017

0 Min

Figure 29: Model(B): Total Deformation of Bow Region
The largest deformations are located around the crane support area in the vertical
direction and are distributed to the transverse frames through the deck. The
reinforcement by GFRP attachment laps results in a reduction of deformations up to
50% in the middle transverse frame, as well as, in the deck. The z-directional
deformation contributes to the greatest amount of total deformation.

Havemeotnpuotmoi
LATDNG \I_'ll.-c' i}

2105385100 69



% NANENIZTHMIO AYTIKHI ATTIKHE

¥ ZXOAH MHXANIKQN
TMHMA NAYTHIQON MHXANIKQN

5.2 Normal and Shear Stresses

The calculation of normal stresses in mechanics is imperative for ascertaining the
capacity of a material or structure to withstand applied forces without undergoing
failure. Normal and shear stresses are later included in failure criteria calculation
therefore their magnitude (and orientation) is important for the evaluation of safety and
reliability in design and engineering applications.

5.2.1 Bow Region
o Model(A):

B: Static Structural Bow
SX BOWR

Expression: SX

Time: 1

22-May-23 00:08

146.89 Max

11351

80128

46.748 z

13369

-2001

53389 ¢ "
86.768

-120.15
-153.53 Min

Figure 30:Model(A): Normal Stresses SX of Bow Region

B: Static Structural Bow
SY BOWR

Expression: SY

Time: 1

22-May-23 00:08

218.29 Max
165.85
113.41

60978 z
85405

4389

-96.333 ¢
14877
-201.21
-253.64 Min

Figure 31:Model(A): Normal Stresses SY of Bow Region
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B: Static Structural Bow
SXY BOWR

Expression: SXY

Time: 1

22-May-23 00:08

41.355 Max

32,192

23.029

13.866 z
47034

-4.4595

-13.622 .
-22.785

-31.948

-41.111 Min

Figure 32: Model(A): Shear Stresses SXY of Bow Region

o Model(B):

B: Static Structural Bow T
SX BOWR

Expression: SX

Time: 1

22-May-23 01:24

85.107 Max

65.937

46.768

27598 z
84282

-10.742

20911 ¢
49081

-68.251

-87.42 Min

Figure 33: Model(B): Normal Stresses SX of Bow Region

W,
ol
AT
o

B: Static Structural Bow T
SY BOWR

Expression: SY

Time: 1

22 May 23 01:24

103.17 Max
70.365
37.559
47531 ¥4
28,053
60859
93,665 ¢
12647
-159.28
-192.08 Min

Figure 34: Model(B): Normal Stresses SY of Bow Region
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B: Static Structural Bow T
SXY BOW R

Expression: SXY

Time: 1

22-May-23 01:24

62.51 Max

48913

35316

21.719 72

81214
54758
19073 .
3267
-46.267

-59.864 Min

Figure 35: Model(B): Shear Stresses SXY of Bow Region

The reinforcement by a T-Joint results in a decrease of 50% in normal and shear
stresses. More specifically, on the deck, there is also a decrease in the area that the
stresses are distributed. Regarding the longitudinal bulkhead, a 20 % decrease of
stresses is observed, the lower decrease compared to other areas. Also, a uniform stress
distribution in longitudinal bulkhead is calculated and the load is distributed uniformly
through middle transverse frame. Owing to high stress distribution the areas that need

to be studied further are the deck in region of crane base and the medium transverse
frame at middle of its height.

5.2.2 Middle Frame

o Model(A):

B: Static Structural Bow
SX FRAME

Expression: SX

Time: 1

22-May-23 00:21

31.763 Max
23316
14.869
6.4225
-2.0242
10471
-18.918

27.364
35811 L
-44.258 Min .
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B: Static Structural Bow
SY FRAME

Expression: 5Y

Time: 1

22-May-23 00:21

35.048 Max
23,889

12.73

15708
-9,5881
-20.747
31.906

43,065
-54.224 ‘V
-65.383 Min

X

Figure 37: Model(A): Normal Stresses SY of Middle Frame

B: Static Structural Bow
SXY FRAME

Expression: SXY

Time: 1

22-May-23 00:22

38.652 Max
30.895
23,138
15.38

7.6231
0.13428
-7.8916

15,649
23.406 L
-31.164 Min .

Figure 36: Model(A): Shear Stresses SXY of Middle Frame

In general, Transverse Middle Frame is significantly deformed by stresses, mainly at
the ends and midway of its length. Stress analysis is further conducted per ply to
understand the distribution of stresses and to find the critical layers that are at risk to
fail first. The following diagram shows the distributions of normal stresses s, s2 and
shear stresses s12 in each ply as following:
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Tensile s1 Distribution Line
Tensie Normal Stresses s2
Tensile s2 Distribution Line
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Figure 38:Model(A): Tensile-Compression Normal and Shear Stress Distribution of Middle Frame

From the Figures (36-39), for Model(A) it is observed that:

\hooug Avpiien

f L
ALY T

The highest stresses are s2 in compression mode, with a value of about -50MPa.
In ply MAT300 next to the core, at a thickness of 103.15mm from the Aft Skin,
there is a sharp increase in the compressive normal stress s1, with a value of -
41.3 MPa, which is worth further investigation.

For the tensile normal stresses in the x-axis s1, it is worth studying the location
where the maximum value is presented.

An important observation is the fact that the stresses in the core are exactly
zero. So, the zero normal stress in the core signifies that the load is primarily
borne by skins. This condition arises with bending loads. Undeniably, due to
this phenomenon the core will present the highest safety factor. Instead, it can
be assumed that the stresses relating to the core are approximated by the
stresses in the layers adjacent to the core on either side. This comment applies
to the deck, as well as to the principal stresses, as will be shown below.
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Figure 39: Model(A): Absolute Normal and Shear Stresses Distribution of Middle Frame
the maximum values are taken, which are presented in absolute terms:
Normal Stresses s1 Distribution-Middle Transverse Frame Ply Wise
MAT 900 Bott: Max: 30.07 Min: -23.08 Average: -0.99 Top: Max: 28.11 Min: -23 17 Average: -0.99
MAT 900 Bott: Max: 29.17 Min: -23.17 Average: -0.98 Top: Max: 27.92 Min: -23 26 Average: -0.98
MAT 900 Boti: Max: 27.96 Min: -23.26 Average: -0.98 Top: Max: 26.53 Min: -23.34 Average: -0.98
MAT 900 Bott: Max: 26.56 Min: -23.34 Average: -0.98 Top: Max: 25.02 Min: -23 41 Average: -0.97
MAT 900 Bott: Max: 25.04 Min: -23.41 Average: -0.97 Top: Max: 23.42 Min: -23 49 Average: -0.97
MAT 900 Bott: Max: 23.43 Min: -23.49 Average: -0.97 Top: Max: 22.51 Min: -23.56 Average: -0.97
MAT 900 Bott: Max: 22.51 Min: -23.56 Average: Top: Max: 22.46 Min: -23.63 Average: -0.97
MAT 900 Bott: Max: 22.46 Min: -23.63 Average: Top: Max: 22.42 Min: -23.70 Average: -0.97
MAT 900 Bott: Max: 22 42 Min: -23.70 Average: Top: Max: 22.38 Min: -23 77 Average: -0.97
MAT 900 Boti: Max: 22.38 Min: -23.77 Average: -0.97 Top: Max: 22 .34 Min: -23 85 Average: -0.98
-21.42 Average: -0.87 Max: 20.08 Min: -21 47 Average: -0.87
MAT 450
.47 Average: -0.87 52 Average: -0.87
MAT 450 -
MAT 450 .62 Average: -0.87 .58 Average: -0.88
MAT 450 Max: T8.03 Min: :6524 AK&FQ & 'g%
AT3 .56 Average. 0.87
MAT300 I 082
ATSH e 0
MAT300 verage- .95
in: -0.11 Average: -0.00
PVC Foam (8! ¥ E 1
A WX 19.24 TN 20 £ Average: 133
MAT300 = 085 Average: 132
MAT300 - . 20 86 Average: -129
R Baas o S TN B S AL 23
MAT 450 Jott: Max: 19.70 Min: -23.19 Average: -1.42 op! : 19,1 3.20 Average: -1.40
MAT 450 Bott: Max: 19.64 Min: -23.20 Average: -1.40 Top: Max: 19.59 Min: -23 22 Average: -1.38
MAT 450 Bott: Max: 19.59 Min: -23.22 Average: -1.38 Top: Max: 19.54 Min: -23.25 Average: -1.36
MAT 450 Bott: Max: 19.54 Min: -23.25 Average: -1.37 Top: Max: 19.50 Min: -23 27 Average: -1.35
MAT 900 Bott: Max: 21.66 Min: -25.91 Average: -1.51 Top: Max: 21.59 Min: -25 94 Average: -1.49
MAT 900 Bott: Max: 21.59 Min: -25.94 Average: -1.50 Top: Max: 21.53 Min: -25.98 Average: -1.48
MAT 900 Bott: Max: 21.53 Min: -25.98 Average: -1.48 Top: Max: 21.92 Min: -26.03 Average: -1.46
MAT 900 Bott: Max: 21.92 Min: -26.03 Average: -1.46 Top: Max: 22.54 Min: -26.07 Average: -1.44
MAT 900 Bott: Max: 22 53 Min: -26.07 Average: -1.44 Top: Max: 23.17 Min: -26 11 Average: -1.43
MAT 900 Boti: Max: 23.16 Min: -26.11 Average: -1.43 Top: Max: 23.82 Min: -26.16 Average: -1.41
MAT 900 Bott: Max: 23.81 Min: -26.16 Average: -1.41 Top: Max: 24.48 Min: -26 20 Average: -1.39
MAT 900 Bott: Max: 24.46 Min: -26.20 Average: -1.39 Top: Max: 25.12 Min: -26.25 Average: -1.38
MAT 900 Bott: Max: 25.10 Min: -26.25 Average: -1.38 Top: Max: 26.72 Min: -26 29 Average: -1.36
MAT 900 Bott: Max: 25.69 Min: -26.29 Average: -1.36 Top: Max: 26.17 Min: -26.34 Average: -1.34
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Ply Stress Analysis (MPa)-From Aft to Fore Ply

Figure 40: Model(A): Ply Analysis of Normal and Shear Stresses Distribution of Middle Frame
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MAT 900 Boft: Max: 28.90 Min: -45.73 Average: -1.24 Top: Max: 28.88 Min: -45.74 Average:

MAT 900 |— Bolt: Max: 28.88 Min: -45.74 Average: -1.28 Top: Max: 28.85 Min: -45.76 Average:

MAT 900 Bott: Max: 28.85 Min: -45.76 Average: -1.32 Top: Max: 28.82 Min: -45.79 Average:

MAT 800 Bott: Max: 28.82 Min: -45.79 Average: -1.37 Top: Max: 28.78 Min: -45.82 Average:

MAT 900 |— Bolt: Max: 28.78 Min: -45.82 Average: -1.41 Top: Max: 28.74 Min: -45.85 Average:

MAT 900 Bott: Max: 28.74 Min: -45.85 Average: -1.45 Top: Max: 28.70 Min: -45.88 Average:

MAT 000 — Bott: Max: 28.70 Min: -45.88 Average: -1.50 Top: Max: 28.67 Min: -45.91 Average:

MAT 900 Bott: Max: 28.67 Min: -45.91 Average: -1.54 Top: Max: 28.63 Min: -45.93 Average:

MAT 900 |— Bott: Max: 28.63 Min: -45.93 Average: -1.59 Top: Max: 28.59 Min: -45.96 Average:

MAT 800 Bott: Max: 28.59 Min: -45.96 Average: -1.63 Top: Max: 28.56 Min: -45.98 Average:

MAT 450 Bolt: Max: 25.71 Min: -41.34 Average: -1.50 Top: Max: 25.70 Min: -41.36 Average

MAT 450 |— Bolt: Max: 25.70 Min: -41.36 Average: -1.52 Top: Max: 25 68 Min: -41.37 Average:
: -41.37 Average: -1.55 Top: Max: 25.66 Min: -41.37 Average:

MAT 450 1 -41.37 Avera

MAT 450 | B .

AT300 [—

MAT300 —

MAT300

MAT300

MAT300

WO Ay,
Kl "y

mw“

TMHMA NAYTHIQON MHXANIKQN

ZXOAH MHXANIKQN

Normal Stresses s2 Distribution-Middle Transverse Frame Ply Wise

NANEMIZTHMIO AYTIKHZ ATTIKHZ

. Bott: Max: 0.06 Min: -0.11 Average: -0.00 Top: Max: 0.06 Min: -0.13 Average: -0.01
PVC Foam (80 kﬂ mOEB Bott- Max™22°93 MinT 4168 Average: -1.97 Top: Max: 22.54 Min: -4 1.45 Average: 7

MATS Boll: Max: 22.52 Min: -41.43 Average: -1.95 Top: Max: 22.52 Min: =471.39 Averar

MAT300 : Max: 22, in: -41.39 Avera; 96 Top. :

MAT300 Bolfl: Max: 22.48 Min: -41.35 Average: -1.97 Top:

MR;%% I Bolt: Max: 22.46 Min: -41.32 Average: -1.97 Top:

MAT 450 |— Boli: Max: 24.93 Min: -45.89 Average: -2.20 Top: Max: 24 83 Min: -45.86 Average:

MAT 450 |— Bolt: Max: 24 89 Min: -45.86 Average: -2.21 Top: Max: 24 85 Min: -45.83 Average:

MAT 450 Bott: Max: 24.85 Min: -45.83 Average: -2.22 Top: Max: 24 82 Min: -45.81 Average

MAT 450 Bott: Max: 24.82 Min: -45.81 Average: -2.24 Top: Max: 24.79 Min: -45.78 Average:

MAT 900 |— Bott: Max: 27.53 Min: -50.92 Average: -2.51 Top: Max: 27.48 Min: -50.87 Average:

MAT 900 Bott: Max: 27.48 Min: -50.87 Average: -2.54 Top: Max: 27 44 Min: -50.84 Average:

MAT 900 |— Bott: Max: 27 44 Min: -50.84 Average: -2.56 Top: Max: 27 40 Min: -50.80 Average:

MAT 900 Boft: Max: 27.40 Min: -50.80 Average: -2.59 Top: Max: 27.35 Min: -50.75 Average:

MAT 900 |— Bott: Max: 27.35 Min: -50.75 Average: -2.61 Top: Max: 27.31 Min: -50.71 Average:

MAT 900 Boft: Max: 27.31 Min: -50.70 Average: -2.63 Top: Max: 27 27 Min: -50.65 Average:

MAT 900 Bolt: Max: 27 27 Min: -50.65 Average: -2 66 Top: Max: 27 23 Min: -50.58 Average:

MAT 900 |— Bott: Max: 27.23 Min: -50.58 Average: -2.69 Top: Max: 27.19 Min: -50.49 Average:

MAT 900 Boli: Max: 27.19 Min: -50.49 Average: -2.71 Top: Max: 27.15 Min: -50.40 Average:

MAT 900 Bott: Max: 27.15 Min: -50.40 Average: -2.74 Top: Max: 27.10 Min: -50.28 Average:

Ply Stress Analysis (MPa)- Aft to Fore Ply
Shear Stresses s12 Distribution-Middle Transverse Frame Ply Wise Ply Wise
MAT 900 Bott: Max: 27.29 Min: -25.75 Average: 0.58 Top: Max: 27.37 Min: -25.69 Average: 0.59
MAT 900 |— Bott: Max: 27.37 Min: -25.69 Average: 0.59 Top: Max: 27.44 Min: -25.64 Average: 0.59
MAT 800 Bott: Max: 27.44 Min: -25.64 Average: 0.59 Top: Max: 27.50 Min: -25.58 Average: 0.60
MAT 800 Bott: Max: 27.50 Min: -25.58 Average: 0.60 Top: Max: 27.56 Min: -25.52 Average: 0.61
MAT 900 |— Bott: Max: 27.56 Min: -25.52 Average: 0.61 Top: Max: 27 .62 Min: -25.47 Average: 0.61
MAT 900 Bott: Max: 27.62 Min: -25.47 Average: 0.61 Top: Max: 27 67 Min: -25.41 Average: 062
MAT 800 — Bott: Max: 27.67 Min: -25.41 Average: 0.62 Top: Max: 27.72 Min: -25.36 Average: 0.63
MAT 900 Bott: Max: 27.72 Min: -25.36 Average: 0.63 Top: Max: 27.76 Min: -25.30 Average: 0.63
MAT 900 |— Bott: Max: 27.76 Min: -25.30 Average: 0.63 Top: Max: 27 80 Min: -25.24 Average: 0 64
MAT 800 Bott: Max: 27.80 Min: -25.24 Average: 0.64 Top: Max: 27 .84 Min: -25.18 Average: 065
MAT 450 Bott: Max: 25.05 Min: -22 .66 Average: 0.58 Top: Max: 25.06 Min: -22.62 Average: 0.59
MAT 450 |— Bott: 22.62 Average: 0.59 5.08 Min: -22.58 Average: 0.60
Bott: 4 : -22 58 Average: 0.60 : -22. 54 Average: 0.60
MAT 450 Boft Max 2 54 je:0.61
MAT 450 [— Boft: Max: 24 e 055
MAT300 — Bolt: Max: 22. P e 058
MAT300 [— Bott! Max: 22,59 M § L je: 0.56
A Gl be: Zattin 20 o3
MAT300 Ol Max. 22 ® r e 056
PVC Foam (80 ka.m3 Bolt‘h]gax‘. .09 M 0.08 Average: 0.00
Bott: Max. 24. k 7

MkﬁT:W’j Boit: Max: 93 Average. e 107
MAT300 Bott: Max: B7 Average e
MAT300 (— Bott: Max 1987 Average: 1.07 X ge 107
mgﬁ% [ Bott: Max: 19.85 Average: 1.07 B4 Average: 1.07
MAT 450 |— Bott: Max: 2204 Average: 1.19 Top: Max: 27 34 Min: -22.02 Average: 119
MAT 450 |— Bott: Max: 22.02 Average: 1.19 Top: Max: 27.39 Min: -21.99 Average: 1.20
MAT 450 Bott: Max: 27.39 Min: -21.99 Average: 1.20 Top: Max: 27.42 Min: -21.96 Average: 1.20
MAT 450 Bott: Max: 27.42 Min: -21.96 Average: 1.20 Top: Max: 27.46 Min: -21.93 Average: 1.20
MAT 900 |— Bott: Max: 30.53 Min: -24.37 Average: 1.34 Top: Max: 30.58 Min: -24.32 Average: 1.34
MAT 800 Bott: Max: 30.58 Min: -24 32 Average: 1.34 Top: Max: 30 63 Min: -24.27 Average: 135
MAT 800 |— Bott: Max: 30.63 Min: -24 27 Average: 1.35 Top: Max: 30 67 Min: -24.22 Average: 136
MAT 900 Bott: Max: 30.67 Min: -24.22 Average: 1.36 Top: Max: 30.71 Min: -24.17 Average: 1.37
MAT 900 |— Bott: Max: 30.71 Min: -24 17 Average: 1.37 Top: Max: 30.75 Min: -24.11 Average: 1.38
MAT 800 Bott: Max: 30.75 Min: -24.11 Average: 1.38 Top: Max: 30.78 Min: -24.06 Average: 1.38
MAT 800 Bott: Max: 30.78 Min: -24.06 Average: 1.38 Top: Max: 30.81 Min: -24.00 Average: 1.39
MAT 900 |— Bott: Max: 30.81 Min: -24.00 Average: 1.39 Top: Max: 30.84 Min: -23.95 Average: 1.40
MAT 900 Bott: Max: 30.84 Min: -23.95 Average: 1.40 Top: Max: 30.85 Min: -23.90 Average: 141
MAT 800 Bott: Max: 30.85 Min: -23.90 Average: 1.41 Top: Max: 30.87 Min: -23.84 Average: 1.41
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Ply Stress Analysis (MPa)- Aft to Fore Ply

For further analysis and accurate values the other diagrams of this form for stress and
failure are available in “C.Appendix of Ply Wise Analysis”.
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The areas, indicated by a red circle, shown below, are locations of stress concentration.

The stress concentrations result from peculiarities of the geometry and mesh and create

results that are not representative of the study. For this reason, they should be
investigated further.

Figure 41:Model(A): Stress concentration area of Middle Transverse Frame
The area where these stresses are generated is at the connection between the frame and
longitudinal bulkhead. Based on the abrupt change of the geometry of this area (acute
edges), these stresses have no real impact on this construction since they are considered
as stress concentrations. For this reason, and since at this area there is the presence of

the hull as well, they can be excluded from the results. Similar phenomena are expected
for Model(B).
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Instead, the frame in Figure 43,can be considered as the range of maximum and
minimum stresses s1:

B: Static Structural Bow
SX FRAME

Expression: 5X

Time: 1

23-May-23 01:25

31.763 Max
. 23.316
14.869
— 64225

. -2.0242
-10.471

= -18918

-27.364
I -35.8M1
-44.258 Min

Figure 42:Model(A):Areas of smooth stress values of Middle Transverse Frame

In contrast to the previous stresses (Figure 42), it is observed that there is a smooth
distribution in many finite elements and these regions are not areas of stress
concentration. This phenomenon with stress concentrations is also observed for
different stress types as expected.

Excluding other stress concentration regions from the results, the stress distributions
for the middle transverse frame, as shown above, are smooth and symmetrical and the
results can be considered acceptable. It is worth noting that the symmetry of the values
on either side of the core is slightly different towards the fore side of the reinforcement,
due to the way the load is applied to the structure.
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o Model(B):

B: Static Structural Bow T
SX FRAME

Expression: SX

Time: 1

22-May-23 01:29

20.029 Max
14.141
8.2537
2.3663
-3.5211
-9.4085
-15.296
-21.183
-27.071
-32.958 Min

Figure 43: Model(B): Normal Stresses SX of Middle Frame

B: Static Structural Bow T
SY FRAME

Expression: SY

Time: 1

22-May-23 01:29

25.702 Max
17.49
i 92789
{ 1.0675
-7.144
15.355
23.567
-31.778
-39.99 %
-48.201 Min

X
Figure 44: Model(B): Normal Stresses SY of Middle Frame
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B: Static Structural Bow T
SXY FRAME

Expression: SXY

Time: 1

22-May-23 01:29

28.718 Max
2299

17.263
11.536
5.8087
0.081476
-5.6458
-11.373

-171
-22.828 Min

X

Figure 46: Model(B): Shear Stresses SXY of Middle Frame

Absolute Stresses Distribution-Middle Transverse Frame Ply Wise
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Figure 45: Model(B): Absolute Normal and Shear Stresses Distribution of Middle Frame
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Tensile-Compressive Normal and Shear Stresses Distribution-Middle Transverse Frame Ply Wise

N

Tensile Normal Stresses s1
Tensile s1 Distribution Line
Tensile Normal Stresses s2

= Tensile 52 Distribution Line
Tensile Shear Stresses s12
Tensile 512 Distribution Line
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Compressive s1 Distribution Line
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1 Compressive s2 Distribution Line
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Figure 47: Model(B): Tensile-Compression Normal and Shear Stress Distribution of Middle Frame

From the Figures(44-48) it is observed that in Model(B) the highest stresses are the
compression stresses Sy, with a value of about -37MPa. Furthermore, there is a sharp
increase of the normal stress s1 in the MAT300 ply on both sides of the core, due to
stress concentration, in the same way as in Model(A). Clearer results for the tensile and
compression distributions are provided by the corresponding principal stresses
diagrams.
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5.2.3 Deck

Based on middle transverse frame, the same results currently are shown below for the
foredeck which supports the crane.

o Model(A):

B: Static Structural Bow
SX DECK

Expression: SX

Time: 1

22-May-23 00:08

146.89 Max
E 11351
80.128

46.748 z
13.369
2001
53389 ©
86768
12015
-153.53 Min

Figure 48: Model(A): Normal Stresses SX of Deck

B: Static Structural Bow

SY DECK
Expression: SY
Time: 1
22-May-23 00:08

218.29 Max

165.85

11341

60.978 z

85405

4389

-96333 ¢
14877

201.21
-253.64 Min

Figure 49: Model(A): Normal Stresses SY of Deck
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B: Static Structural Bow

SXY DECK
Expression: SXV
Time: 1
22-May-23 00:09

41.355 Max

32192

23.029

13.866 z

4.7034
-4.4595
13,622 ¢
22785

-31.948
-41.111 Min

Figure 50: Model(A): Shear Stresses SXY of Deck
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Figure 51: Model(A): Absolute Normal and Shear Stresses Distribution of Deck
An important observation in Figure 52 is the reduction in stresses at thicknesses of
10.325mm and 50.5 mm. This is because the above diagram shows the absolute values
of the stresses ranging from negative to positive. The absolute values are calculated
since the failure criteria utilized in the study are quadratic, therefore the magnitude
plays the most important part in failure.
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Figure 52: Model(A):Tensile-Compression Normal and Shear Stress Distribution of Deck

The Figures (49-53) reveal that the area of interest in the deck is the crane support
area. The stresses with the highest values are the compressive stresses s, similar to
the frame above. The maximum stress is compressive with a value of -301.7 MPa,
at ply MAT900 adjacent to the longitudinal bulkhead and the area of interest located
around the crane foundation. The stresses have a symmetrical pattern on each side
of the core and can be considered acceptable. Finally, it is observed that in the deck
the distributions are more distinct from each other without any alternations,
compared to the same diagram for the frame above.
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o Model(B):

B: Static Structural Bow T
SX DECK

Expression: SX

Time: 1

22-May-23 01:24
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85.107 Max
67.995
50.883

3377

16.658

Z

045415

-17.566 L
34679

51791

-68.903 Min

Figure 54: Model(B): Normal Stresses SX of Deck

SY DECK
Expression:
Time: 1
22-May-23

90.069 Max

69.057
48.045
27.033
60216
-14.99
-36.002
57.014
-78.026

B: Static Structural Bow T

sY

01:24

z

/L

-99.038 Min

Figure 53: Model(B): Normal Stresses SY of Deck
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B: Static Structural Bow T
SXY DECK

Expression: SXY

Time: 1

22-May-23 01:24

33.755 Max

26,521

18.286

12,051 z
48162

24187

96535 .
16888

24123

-31.358 Min

Figure 55: Model(B): Shear Stresses SXY of Deck

Absolute Stresses Distribution-Deck Ply Wise

- Normal Stresses s1

160 1 Distribution Line
+ [ INormal Stresses 2
L s2 Distribution Line
[CIshear Stresses s12
o 512 Distribution Line
=
140 5]
120
100
E L
s + 8
=
@ 8o <
s = |\ s
L o
L 2 E
2 r <
=
[ Q
8
€0 S
<
L = -
- 2 %
g o o
F o =1 7
. : Y
z = 2
" = 8 S = =\
- g [ 2w 8§ =415 8
= < E
L = = = &
] § =
20 E
- ;
P
- ib]
T
o L
A% o 12 2 A% o 2 ® vl % el el vl o el vl afa
N 9% LR SN R L S L L LA at @

Thickness(mm) from Upper Skin to Bottom Skin

Figure 56: Model(B): Absolute Normal and Shear Stresses Distribution of Deck
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Tensile-Compressive Normal and Shear Stresses Distribution-Deck Ply Wise
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Figure 57: Model(B): Tensile-Compression Normal and Shear Stress Distribution of Deck

In model (B) a distribution of stresses in the finite elements located all-around of the
shape of the T-Joint reinforcement and a sharp increase in stresses from the core to the
bottom skin of the sandwich exist. The largest stresses are s> which are compressive at
MAT 900, that is adjacent to the longitudinal bulkhead, and possess a maximum value
of -137.3 MPa. It is observed that at model B the compressive stress s1 after thickness
50.5 mm is no longer symmetrical. Similar phenomena apply to the tensile stresses s,
s2 after thickness 54.925 mm. The change in symmetry is due to the T-Joint which
seems to significantly affect the normal stresses of the deck by significantly reducing
them (See par. 5.5 Compare Analysis of Results).
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5.2.4 T-Joint Reinforcement

The stress distribution should be studied for T-Joint reinforcement in order to evaluate
the strength of the reinforcement.

B: Static Structural Bow T
SXT
Expression: SX
Time: 1
22-May-23 02:00

77.59 Max
59.255
40.921
22,586
42519
-14.083
-32417
50.751
-69.086
-87.42 Min

Figure 58: Model(B): Normal Stresses SX of T-Joint reinforcement

B: Static Structural Bow T
YT

Expression: SY

Time: 1

22-May-23 02:00

103.17 Max
70.365
37.559
47531
-28.053
-60.859
93,665
-126.47
-159.28
-192.08 Min

Figure 59: Model(B): Normal Stresses SY of T-Joint reinforcement
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Figure 61: Model(B): Shear Stresses SXY of T-Joint reinforcement

Absolute Stresses Distribution-T-Joint Ply Wise
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Figure 60: Model(B): Absolute Normal and Shear Stresses Distribution of T-Joint reinforcement
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Figure 62: Model(B):Tensile-Compression Normal and Shear Stress Distribution of T-Joint reinforcement

According to the Figures (Figure 60-Figure 61) above, the T-Joint stiffening appears to
be stressed mainly in the fillet region (due to the change in geometry) by normal stresses
sl and s2. The largest stress is s2, which appears to be on the outer ply MAT900, while
the inner ply MAT300 is stressed by s1 and s12. Also, there is a stress concentration at
the acute edge of the T-Joint and deck transverse at stresses s1, which can be neglected
because it extends only to one finite element. Finally, as shown in the MAT300 layers,
the compressive stresses have similar values to the tensile stresses. The compressive
stresses are observed in the fillet region, while the tensile stresses are observed in the
other regions of the T-Joint.
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5.3 Principal Stresses

Principal stresses are the maximum and minimum normal stresses values that apply to
a certain location of the structure according to the principal coordinate system as
described in 4.5.2 Coordinate System of Principal Stresses. For the assessment of
structural performance under varied loading conditions, they give crucial information
on the critical stress states, in the principal planes, that bear no shear stresses.

5.3.1 Bow Region

o Model(A):

B: Static Structural Bow
SIBOWR

Expression: S1

Time: 1

22-May-23 00:09

218.48 Max
19236
166.24
= 140.12 z

‘ 114
87.885
61.765 ¢
35646

9.5262
-16.593 Min

Figure 63:Model(A): Principal Stresses SI of Bow Region

B: Static Structu
SIl BOW R
Expression: S2
Time: 1
22-May-23 00:09

146.71 Max
11339
80.062
=1 46.737
13413
19912
-53.237
86.561
119.89
-153.21 Mir

Figure 64:Model(A): Principal Stresses SII of Bow Region
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B: Static Structural Bow
Slil BOWR

Expression: S3

Time: 1

22-May-23 00:09

7.1002 Max

21.891

-50.882

- -79.874 z

108.86

137.86
-166.85 ¢
-195.84

224.83
-253.82 Min

Figure 65:Model(A): Principal Stresses SlII of Bow Region

B: Static Structural Bow T
SIBOWR

Expression: S1

Time: 1

22-May-23 01:24

186.75 Max

162.15

137.54

112,93 74

88.326
63.719
30111 e
14504

10.103
-34.71 Min

Figure 66:Model(B): Principal Stresses Sl of Bow Region
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o Model(B):

B: Static Structural Bow T
SIlBOWR

Expression: S2

Time: 1

22-May-23 01:24

62.661 Max
45.988
29316
12643 z
40207
20,702
-37375 e
54048
7072
-87.393 Min

Figure 67:Model(B): Principal Stresses SIl of Bow Region

B: Static Structural Bow T
Sl BOW R

Expression: S3

Time: 1

22-May-23 01:24

50.026 Max
23.124
-3.7786
-30.681
57.584
84.486
-111.39
-138.29
165.19
-192.1 Min

Figure 68:Model(B): Principal Stresses SlII of Bow Region
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The reinforcement by GRP attachment in the location of the crane resulted in a very
significant reduction in the Principal Stresses. Also, it appears that the longitudinal
bulkhead is not significantly stressed. The areas that need to be studied more in terms
of stresses are the deck and the middle transverse frame. It is worth noting that the
Principal Stresses do not contain shear terms, but as a stress state are similar to the one
presented in Normal and Shear Stresses.

5.3.2 Middle Frame
o Model(A):

B: Static Structural Bow
SI FRAME

Expression: S1

Time: 1

22-May-23 00:22

62.359 Max

59715
-2.0839 L
-10.139 Min

X

Figure 70:Model(A): Principal Stresses Sl of Middle Frame

B: Static Structural Bow
SIl FRAME

Expression: 52

Time: 1

22-May-23 00:22

20.951 Max
16.66

12.369
8.0775
3.7865
-0.50461
-4.7957

9.0867
-13.378 q
-17.669 Min

X

Figure 69:Model(A): Principal Stresses Sl of Middle Frame
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B: Static Structural Bow
Slil FRAME

Expression: S3

Time: 1

22-May-23 00:22

5.1685 Max
-5.5809
-1633
-27.08
-37.829
-48.579
-59.328
-70.078

-80.827 L

-91.576 Min

Figure 72:Model(A): Principal Stresses SlII of Middle Frame

Absolute Principal Stresses Distribution-Middle Transverse Frame Ply Wise
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Figure 71: Model(A): Absolute Principal Stresses Distribution of Middle Frame
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The principal stresses that possess the maximum values is the tensile Maximum
Principal S; and the compressive Minimum Principal Sy. It is observed that there are
stress concentration phenomena at the same points as before. The maximum tensile
occurs at the mid-length of the frame at the two outer edges as shown above. The
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Figure 73: Model(A): Tensile-Compressive Principal Stress Distribution of Middle Frame

maximum compressive is at the stress concentration point, between frame and

longitudinal bulkhead and its maximum value is around -70MPa, after proper

evaluation. Finally, an important observation that should also apply to the following

principal stress diagrams in order to be valid, is the fact that the stresses should be

Si>Si>Sni according to classic mechanics.
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Also, a stress concentration point to be further investigated is located at MAT300, on
either side of the Middle Principal Sy stress core. This point is shown as following:

Min

20.951 Max
16.66
12.369
8.0775
3.7865
-0.50461
-4.7957
-9.0867
-13.378
-17.669 Min

@<

Figure 74:Model(A): Stress Concentration of Middle Principal Stress SlI

Excluding the stress concentrations, the distributions are acceptable, since they show a
symmetry of values on both sides of the core and have a smooth distribution.
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o Model(B):

B: Static Structural Bow T
S| FRAME

Expression: 51

Time: 1

22-May-23 01:30

45.684 Max

40,069

34454

28.838

23.223

17.607

11.992

6.3765

0.76109 r4
-4.8543 Min

&

X

Figure 75:Model(B): Principal Stresses Sl of Middle Frame

B: Static Structural Bow T
Sl FRAME

Expression: S2

Time: 1

22-May-23 01:30

14.336 Max

11.859

9.3818

6.9047

44277

1.9506

-0.52647

-3.0035

-5.4806 z
-7.9577 Min

Figure 76:Model(B): Principal Stresses SlI of Middle Frame
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B: Static Structural Bow T
Slil FRAME

Expression: 53

Time: 1
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Figure 77:Model(B): Principal Stresses SlII of Middle Frame
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Figure 78: Model(B): Absolute Principal Stresses Distribution of Middle Frame
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Figure 79: Model(B): Tensile-Compressive Principal Stress Distribution of Middle Frame

According to the illustrations above, the distribution of principal stresses in the finite
elements is similar to Model(A). The distributions of values in each ply follow the same
pattern, but with decreasing values. The symmetry that exists in the stress distribution
is a positive indicator for the load transfer through the reinforcement. Finally, a decrease
in principal stresses Sl, SlI and Sl of 25%,33% and 33.5% accordingly is observed.

Havemeotnpuotmoi
Adgovg Arydieon
Ayiov Emvpidovos, Arpddem 12243

s 210 5385100 100



3§’ L?; NANEMIZTHMIO AYTIKHI ATTIKHI
&l . IXOAH MHXANIKQN
TMHMA NAYTMHTQN MHXANIKQN
5.3.3 Deck

In the deck shear stresses dominate a significant proportion of the stress distribution.

Using principal stresses will make it more convenient to detect the maximum stress
value in the deck.

o Model(A):

B: Static Structural Bow
SI DECK

Expression: S1

Time: 1

22-May-23 00:09

218.48 Max

192.49

166.49

140.5 z

1145

B 83508
62513 ®
36518

10523
-15.472 Min

Figure 80:Model(A): Principal Stresses S| of Deck

B: Static Structural Bow

Sl DECK
Expression: S2
Time: 1
22-May-23 00:09

146.71 Max

113.39

80.062

46.737 z

13413

19912
-53.237 o
86.561

-119.89
-153.21 Min

Figure 81:Model(A): Principal Stresses SII of Deck
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B: Static Structural Bow
Slil DECK

Expression: S3
Time: 1
22-May-23 00:09

7.1002 Max
-21.891

-50.882

-79.874 z
-108.86

-137.86

-166.85 ¢
-195.84

-224.83

-253.82 Min

Figure 82:Model(A): Principal Stresses SlII of Deck

Absolute Principal Stresses Distribution-Deck Ply Wise
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Figure 83: Model(A): Absolute Principal Stresses Distribution of Deck
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Tensile-Compressive Principal Stresses Distribution-Deck Ply Wise
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Figure 84: Model(A): Tensile-Compression Principal Stress Distribution of Deck

The principal stresses on the deck are distributed at the crane support base but are more
concentrated towards the longitudinal bulkhead, as opposed to the normal and shear
stresses analyzed previously. Also, approaching the core from both sides, the Maximum
Principal S; seem to prevail as maximum stresses, whereas the Maximum Principal S,
prevails towards the outside of the sandwich. Finally, as expected, the maximum
stresses are the compressive Minimum Principal Sy and prevail at the contact of the
deck with the longitudinal bulkhead.
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o Model(B):

B: Static Structural Bow T
SI DECK

Expression: S1

Time: 1

22-May-23 01:25

90.765 Max

80.093

69.422

58.75 z

48078

37.407

26735 o
16.064

5392

-5.2796 Min

Figure 86:Model(B): Principal Stresses Sl of Deck

B: Static Structural Bow T
Sl DECK

Expression: 52

Time: 1

22-May-23 06.26

52.063 Max
39.933
27803
15673
3.5426

z
-8.5875

-20.718

-32.848 & ¥
-44.978

-57.108 Mi

Figure 85:Model(B): Principal Stresses Sl of Deck
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B: Static Structural Bow T
Sl DECK

Expression: S3

Time: 1

22-May-23 01:25

12379 Max
-087952

14138

-27.39 z
40654

53912

6717 o
-80.428

-93.686

-106.94 Min

Figure 88:Model(B): Principal Stresses SllII of Deck

Absolute Principal Stresses Distribution-Deck Ply Wise
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Figure 87: Model(B): Absolute Principal Stresses Distribution of Deck
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Tensile-Compressive Principal Stresses Distribution-Deck Ply Wise
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Figure 89: Model(B):Tensile-Compression Principal Stress Distribution of Deck

For Model(B), it is observed that the distribution of stresses in the finite elements
around the T-Joint is smooth. In this region, the upper skin of the sandwich is subjected
to compression, while the bottom skin is subjected to tension, which is perfectly
reasonable. The distribution pattern is similar to Model(A), showing reduced maximum
values from about 300MPa to 140MPa. Also, a decrease in compressive S;, Sy and S
of 58.7%,64% and 58% accordingly exists.

Finally, the same layers appear to present high tensile and compressive stresses
simultaneously. This occurs in different regions. For example, the tensile stresses occur
above the longitudinal bulkhead region, while the compressive stresses occur above the
T-Joint region.
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5.3.4 T-Joint Reinforcement
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B: Static Structural Bow T
SIT

Expression: S1

Time: 1

22-May-23 02:00

186.75 Max
a 162.15
13754
‘ 11293
. 88326
63.719
3911
14.504
10.103
-34.71 Min
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Figure 90:Model(B): Principal Stresses Sl of T-Joint reinforcement

B: Static Structural Bow T
SHT

Expression: S2

Time: 1

22-May-23 02:00

62.661 Max
45.988
29316
12643
-4.0297
20.702
-37.375
54.048
-70.72
-87.393 Min

Figure 91:Model(B): Principal Stresses Sl of T-Joint reinforcement
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B: Static Structural Bow T ‘-‘“‘ﬁ."*“‘@".
ST
Expression: S3
Time: 1
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Figure 92:Model(B): Principal Stresses Sl of T-Joint reinforcement

Absolute Principal Stresses Distribution-T-Joint Ply Wise
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Figure 93: Model(B): Absolute Principal Stresses Distribution of T-Joint reinforcement
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Tensile-Compressive Principal Stresses Distribution-T-Joint Ply Wise
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Figure 94: Model(B): Tensile-Compression Principal Stress Distribution of T-Joint reinforcement

According to the Figures (91-95), the stress region at the T-Joint reinforcement is at the
fillet, due to principal stresses. Regarding the Maximum SI and Middle SII principal
stresses, there is an increase towards the center of the T-Joint overlamination. However,
the dominant stress with the highest value for the outer skins is the compressive Syi. As
it can be seen from the stress distribution, the T-Joint is more likely to fail due to
compression, rather than tension.
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The stress concentration in this component is still at the acute edge between the T-Joint
and deck. Also, in the middle of the plies, and specifically at the last MAT900, there is
an unusual increase in the Middle Principal Sy stress which is worth investigating for
the same reason as the decrease in the Maximum Principal S, stress at MAT300 when
changing from MATA450. Thus, the plies mentioned are presented as following:

— | e

Figure 95:Model(B):MAT900 S| Stress increment

| | |
Elemment Labek: 263
si:80.0333 | |

Figure 96:MATT450(Right) to MAT300(Left) SI reduction

This observation is noteworthy, since in all cases the points where the decrease or
increase phenomenon occurs, are not stress concentration points. However, at the points
where this phenomenon is observed, their common characteristic is the change in the
layer material. One explanation for this is that the change in the layer material implies
a change in the compliance matrix [S] of the elements, and therefore a variation in the
values at these points. These observations will be equally useful when studying the
failure based on the Tsai-Wu Failure Criterion.
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5.4 Tsai-Wu Failure Safety Factor

An analytical method often used to predict the failure of composite materials is the
Tsai-Wu failure criterion. It is a quadratic equation that takes into consideration both
material strength in tension and compression as well as interactions between various
stress components. Using this criterion may estimate possible failure locations in a
composite material by comparing the Tsai-Wu failure index to a threshold value.

5.4.1 Bow Region

o Model(A):

B: Static Structural Bow
TSAI W BOW R

Type: Safety Factor (Unaver
Time: 1

23-May-23 06:19

— 1000 Max

5125
o

L R
~w

0.77291 Min

0

Figure 97:Model(A): Tsai-Wu Failure Safety Factor of Bow Region

o Model(B):

B: Static Structura
Safety Factor BOWF
Type: Safety Factor
Time: 1

23-May-23 06:37

1000 Max
5125

Figure 98:Model(B): Tsai-Wu Failure Safety Factor of Bow Region
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The insertion of a T-Joint reinforcement in the structure implies an increase in the Tsai-
Wu Failure Safety Factor, i.e., the structure becomes safer. An initial look shows that

some component of Model(A) fails, since the Safety Factor becomes less than unity,
while Model(B) is marginally safe.

MNPI’I

5.4.2 Middle Frame

The potential failure points for the frame are determined by Tsai-Wu using the normal
and shear stress results.

o Model(A):

B: Static Structural Bow

TSAI' W FRAME

Type: Safety Factor (Unaveraged)
Time: 1

23-May-23 06:29

1000 Max
5125

0.91539 Min

0
Figure 99:Model(A): Tsai-Wu Failure Safety Factor of Middle Frame

Tsai Wu Safety Factor Failure Distribution-Middle Transverse Frame Ply Wise
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Figure 100: Model(A): Absolute Tsai-Wu Failure Safety Factor Distribution of Middle Frame
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According to the above, the failure is in some ply of the structure which should be
investigated in depth. The ply which seems to fail is MAT300 next to the core, as shown
in Figure 102:

B: Static Structural Bow
TSAI W FRAME 2

Type: Safety Factor (Unaveraged) (Analysis Ply=P1L19_FR2 LAMI(ACF,
Time: 1
23-May-23 07:18

1000
H 183.72 Max

20
15
— 10
7.5
6.5
5.5
4
3
2
1.5
0.91539 Min

0
Figure 101:Model(A): Tsai-Wu Ply Failure Examination

This failure is located to a single element close to a free edge therefore it cannot be
taken into account for the safety factor evaluation.

With this observation there is serious evidence that Model(A) does not actually fail as
it initially appeared. Based on the smooth distributions of the safety factor, its value is
found to be approximately 3 for the transverse middle frame.
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o Model(B):

B: Static Structural Bow T
Safety Factor Frame

Type: Safety Factor (Unaveraged)
Time: 1

23-May-23 06:47

1000 Max
5125

1.1555 Min
— 1.0734

Figure 103:Model(B): Tsai-Wu Failure Safety Factor of Middle Frame

Minimum Tsai Wu Safety Factor Failure Distribution-Middle Transverse Frame Ply Wise
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Figure 102: Model(B): Absolute Tsai-Wu Failure Safety Factor Distribution of Middle Frame
In MAT300 of Model(B) the same phenomenon of safety factor reduction occurs as in
Model(A). With the exception of these values and as shown in the diagram, the value
of the Tsai-Wu Failure Safety Factor is around 4.5, an increase of 1.5 units compared
to Model(A).
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5.4.3 Deck
The minimum value of the Tsai-Wu safety factor is expected to be at the point where
the deck is subject to the largest stresses.

o Model(A):

B: Static Structural Bow
TSAl' W DECK

Type: Safety Factor (Unavel
Time: 1

23-May-23 06:27

1000 Max
I 512.5
25

75

6.5

55

4

3

2

175
1.1055 Min

0

Figure 104:Model(A): Tsai-Wu Failure Safety Factor of Deck

Minimum Tsai Wu Safety Factor Failure Distribution-Deck Ply Wise
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Figure 105: Model(A): Absolute Tsai-Wu Failure Safety Factor Distribution of Deck
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o Model(B):

tatic Structural Bow T
Safety Factor Deck

Type: Safety Factor (Unaveraged)
Time: 1

23-May-23 06:43

1000 Max
512
25

! 20

B 15

Figure 106:Model(B): Tsai-Wu Failure Safety Factor of Deck

Minimum Tsai Wu Safety Factor Failure Distribution-Deck Ply Wise

10 I [ [ I
r [ Tsai Wu Safety Factor Failure
L Tsai Wu Safety Factor Failure Distribution Line
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Figure 107: Model(B): Absolute Tsai-Wu Failure Safety Factor Distribution of Deck

The deck of Model(A) shows no signs of failure. In Model(B) the relief of the area
underneath the T-Joint is observed. However, the safety factor decreases drastically at
MAT900 which rests on the longitudinal bulkhead and needs to be investigated.
Inevitably, this decrease is expected, taken into account the Principal Stresses for
Model(B).
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The ply MAT900 is shown in Figure 109:

B: Static Structural Bow T

Safety Factor - P1L22__DECK LAMI{ACP (Pre)) - End Time

Type: Safety Factor (Unaveraged) (Analysis Ply=P1L22_ DECK LAMI(ACP (Pre)))
Time: 1

Custom

23-May-23 07:49

693.33 Max
512

20

12

0.95333 Min

Figure 108:Model(B):Examination of Bottom Ply of Deck for Tsai Wu Failure

X

el

From this examination, it appears that the value of 0.95, of the safety factor, cannot be
maintained, since only two finite elements own this value. Thus, according to the above,
the value of the Tsai Wu Failure Safety Factor for the Deck of Model(B) can be
modelled close to 3. For the same region, Model(A) has a safety factor of 1.5. This
implies that the reinforcement by the T-Joint increased the Tsai Wu Failure Safety

Factor for the Deck by 50%.
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5.4.4 T-Joint Reinforcement

B: Static Structural Boy
Safety FactorT B: Static Structural Bo
Type: Safety Factor (Une Safety FactorT

Time: 1 Type: Safety Factor {Unaver8
Custom Cbsolete Time: 1
23-May-23 06:49 Custom Obsolete
23-May-23 06:50
1000 Max
512 1000 Max
25 512
25
s 2
15
10 10
7.5 75
6.5 65
3.5 o5
5 5
4 4
3 3
2 2
1.5 15
1.0734 Min 1.0734 Min

Figure 109:Model(B): Tsai-Wu Failure Safety Factor of T-Joint reinforcement

The Error! Reference source not found. depicts a safe state for the T-Joint while the
area with the lowest safety factor is at the fillet, as expected. The lowest value of the
safety factor is at ply MAT300 and is shown as following:

B: Static Structural Bow T

Safety Factor - P1L25_T GVERLAMI(ACP (Pre)) - End Time

Type: Safety Factor {Unaveraged) (Analysis Ply=P1L25_T OVERLAMI(ACP (Pre}))

Time: 1

23-May-23 15:02
500

178.85 Max

1.0734 Min z

0 Y‘\LX

Examining again the distribution of the safety factors in the finite elements, it is
observed that the minimum value of the safety factor (~1.07) is found in 6 finite
elements, 2 of which are far from the rest. This is an indication that this value is not
representative and is excluded. The minimum value of the safety factor is found to be
around 2.
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Minimum Tsai Wu Safety Factor Failure Distribution-Deck Ply Wise
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Safety Factor SF{-)
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Figure 110: Model(B): Absolute Tsai-Wu Failure Safety Factor Distribution of T-Joint reinforcement

5.5 Compare Analysis of Results

5.5.1 Strength Comparison

The comparison between Total Deformation, Normal-Shear Stresses and Tsai-Wu
Safety Factor for deck and middle transverse frame for the maximum values of each
size is shown in the table below:

Table 19:Comparison Table between Models (A) and (B)

Deck Model(A) = Model(B) % Change Status (Model (A) Reference)
Total Deformation (mm) 9.36 4.6 50.9% A
SX (MPa) 146.8 85 42.1% N
SY (MPa) 218 90 58.7% Np
SXY (MPa) 41.3 33.7 18.4% N
Tsai-Wu Safety Factor 1.1 1.5 36.4% »
Middle Frame Model(A) = Model(B) % Change Status (Model (A) Reference)
Total Deformation (mm) 10.5 7.8 25.7% A
SX (MPa) 31.76 20 37.0% N2
SY (MPa) 35 25.7 26.6% J
SXY (MPa) 38.6 28.7 25.6% N2
Tsai-Wu Safety Factor 0.9 1.15 27.8% 1

The values of the table above are based on maximum absolute values of each size.
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As presented in Table 19:Comparison Table between Models (A) and (B), a 50.9%
reduction of total deformation, 42%,59% and 18 % of SX,SY and SXY accordingly
and 36.4% increase of the Tsai-Wu safety factor for the deck. In the same way, 25.7%
reduction of total deformation, 37%, 27% and 26% of SX, SY and SXY accordingly
and 28% increase of Tsai-Wu Safety Factor for middle frame. Reinforcing by the T-
Joint the crane base, the overall strength of the bow region is increased. The increase in
SX normal stress is due to the placement of T-Joint, as discussed above. The longer the
length reinforcement of the T-Joint is, the smaller the deformations and stresses. The
T-Joint has an effect on the construction after 250cm length, whereas for lengths less
than this a negative effect on the construction is presented.

Based on the above studies, the following comparative graphs for the magnitudes of
stresses and safety factors are depicted:

o Frame

Comparison of Absolute Normal Stresses s1 Distribution-Middle Transverse Frame Ply Wise

300
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Figure 111: Comparison Model(A)-Model(B): Absolute Normal Stresses SX Distribution of Middle Frames
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Figure 114: Comparison Model(A)-Model(B): Tensile-Compressive Principal Stresses S| Distribution of Middle Frames
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The above diagrams are enlightening with regard to drawing conclusions and
performing a representative evaluation between Model(A) and Model(B). The
comparison of the results is based on the reduction of stresses and the increase of the
safety factor. Some values present peculiarities for the reasons mentioned above. The
principal stresses are compared through the Tsai Wu Failure Safety Factor, since their
values come under this criterion.

For the transverse middle frame, the normal stress SX, SY and the Shear Stress SXY
show a significant decrease in the presence of a T-Joint. A positive feature is that in the
SY and SXY stresses the pattern is the same and there is simply a decrease in the values.
As for the SX stresses the pattern changes slightly in the areas marked as stress
concentration areas. As it can be seen from the principal stresses Sy, Sy, the compressive
stresses do not change dramatically in contrast to the principal stresses Sii. Thus, it can
be assumed that the T-Joint significantly reduces the compressive stresses in the
transverse middle frame, while it greatly reduces the tensile principal Si. The T-
Joint does not significantly affect the pattern of the stress distribution.

The comparison for the Tsai Wu Failure Safety Factor shows an increase which means
an improvement in the failure margin of the frame, for the loading conditions that result
from the crane installation.

In summary, regarding the transverse middle frame, the reinforcement of the T-Joint to
the structure has positive results.
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Figure 122:Comparison Model(A)-Model(B): Tensile-Compressive Principal Stresses SlI Distribution of Deck
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Figure 124 :Comparison Model(A)-Model(B): Tensile-Compressive Principal Stresses SII Distribution of Deck

Similar to the middle transverse frame, the reinforcement of the T-Joint in the structure
has positive effects and reduces the stresses and strains. The normal stresses SX, SY
and shear stresses show a very smooth distribution and similar pattern between them.
From the principal stresses it is clearly understood that the reinforcement of the T-Joint
in the deck construction reduced the tensile stresses Sl, as well as the compressive
stresses Sl1I. The stresses Sl did not change significantly as a whole but only in specific
layers.

An important observation that could not be detected before is the alternation of SY, S,
and SXY values from ply MAT900 at 50mm thickness. According to the pattern, the
trend of Model(B) should be lower than Model(A), but at these points, the opposite is
the case. Thus, this point needs to be further investigated and the illustration to be
examined is:
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Figure 125:Comparison Model(A)(Left)-Model(B)(Right):Deck Ply Stress Comparison

The values shown as opposite in the diagram are the tensile 35 MPa for Model(A) and
the tensile 63 MPa for Model(B). The observation that provides the explanation for this
phenomenon is the fact that when the T-Joint reinforcement is placed, the areas that
appear to be tensile in Model(A) turn to compressive. This leads to the conclusion that
the reinforcement of the T-Joint in the structure affects the pattern of the stress
distribution of SY, SXY and converts the tensile regions to compressive. This
phenomenon is observed in the MAT900 layers that are closer in contact with the T-
Joint.

Despite this happening, the structure remains safe according to the Tsai Wu Failure
Safety Factor, where again Model(B) has increased failure margins compared to
Model(A).

To summarize, regarding the deck, the reinforcement of the T-Joint has positive effects
on the structure, by reducing the stresses and deformation. However, it may change the
pattern of stress distribution, since after the insertion of the T-Joint reinforcement that
experienced tensile stresses, it was shown that areas were experiencing compressive
stresses.

Finally, as a general comment on the deck, it should be emphasized that, the stresses
have a larger distribution in the area around the crane support, due to the fact that more
emphasis was given to the specific loads using the appropriate assumptions in the study.
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Conclusions

This thesis is focused on the installation of a yacht crane at the bow, using Finite
Element Method (FEM) analysis for strength and failure evaluation encompassing
fracture mechanics through VCCT Theory and Ansys software. Three different
geometry models were created to investigate the behavior of the T-Joint connection
located under the deck.

The first model referred to as Model A, simulated the bow region without the T-Joint
stiffener configuration. The second model, Model B, incorporated a T-Joint connection
between the deck and the longitudinal bulkhead. Finally, the third sub-model, Model
C, featured a voided T-Joint to simulate a scenario involving crack propagation during
the construction phase. This is presented in Appendix(A). The initial crack was
assumed to be located between the over-lamination skin and deck region of the T-Joint.

The primary focus of this study was to compare the strength and structural performance
of Model(A) and Model(B). Various parameters were evaluated, including total
deformation, normal and shear stresses, principal stresses and Tsai-Wu failure safety
factor. The most important results for Models A and B are presented in the following
lines:

1. The reinforcement of the bow area below the crane by a T-joint, leads to a
reduction in stresses and an increase in the safety factor against failure.

2. The longer the length reinforcement of the T-Joint, the smaller the deformations
and stresses. The T-Joint has an effect on the construction after 250cm length,
whereas for lengths less than this the consequences have a negative effect on
the construction.

3. Considering the maximum values of the components studied, it is concluded
that the reinforcement of the T-Joint generally leads to a 50% reduction in total
deformations, 40%, 43% and 22% reduction in stresses Sx, Sy and Sxv
respectively. Also, the maximum increase in Tsai Wu Failure Safety Factor is
found to be 32%.

4. Several simulation related remarks were made, specifically regarding stress
concentrations in single elements and careful evaluation of material and
geometry parameters variations.

Additionally, the investigation of crack propagation and delamination in Sub Model C
revealed important insights of failure mechanisms. However, due to the limited
relevance of Model C in the context of this study, detailed results for this sub-model
can be found in Appendix A.
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Overall, the results highlight the importance of the T-Joint connection in strengthening
the yacht crane installation. The incorporation of the T-Joint reinforcement
significantly improves structural performance, reducing deformation and stress levels
while increasing the Tsai-Wu safety factor. These findings have practical applications
on the design and optimization of yacht crane installations, enhancing safety and
reliability in naval architecture and marine engineering applications.

In conclusion, the comparison between Model A and Model B demonstrated that the T-
Joint configuration provides notable improvements in structural performance. Further
analysis of the crack propagation and delamination in Sub Model C can be found in
Appendix A, along with specific results and data for all models. The insights gained
from this study contribute to the advancement of naval architecture marine engineering

practices, particularly in the design and implementation of yacht crane installations at
the bow.
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Future Work

Future work related to this study could include further optimization of the T-Joint
stiffener configuration to enhance the structural performance of yacht cranes. This
could involve investigating alternative stiffener shapes and configurations to minimize
the potential for crack propagation and delamination, while also reducing weight and
material usage.

Another potential avenue for future research is to explore the strength of various loading
scenarios on the behavior of the T-joint. Dynamic loads that create fatigue cycles can
affect the structural integrity of the T-Joint. Therefore, it would be valuable to assess
the behavior of the t-joint under these loading conditions and develop design guidelines
to ensure safety and durability.

Furthermore, the use of advanced manufacturing techniques, such as additive
manufacturing, could offer new possibilities for T-Joint design and construction. Future
studies could investigate the feasibility and effectiveness of using these techniques to
optimize T-Joint performance.

In general, future research should continue focusing on developing optimized T-Joint
designs and construction techniques to enhance the structural performance and
durability of yacht cranes and other marine structures, while also considering the impact
of various loading scenarios and incorporating advanced analysis methods.
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A. Appendix of Fracture Mechanics-Results of
Cracked T-Joint

A.1 Basics of fracture Mechanics

Fracture mechanics contain three important variables:

I.  Applied Stress
ii.  Fracture Toughness
iii.  Flaw Size
To obtain results from a fracture study, the binding and combination of these variables
must be provided.

Applied
stress

Flaw Fracture
size toughness

Figure 126: Fracture Mechanics approach [61]
A.1.1 Energy Criterion

According to the energy criterion, when the available energy from the crack growth
becomes greater than the resistance of the material the crack is extended. The term
material resistance includes all relevant energy sizes of the material related to the
propagation of cracks, such as surface energy and plastic work, as well as other
diffusion actions.

First Griffith [56], and then Irwin [58] developed the energy criterion in the currently
presented form. For an infinite plate that lengthens and contains a crack of 2a length,
the relation of energy release rate is as following [57]:

m-0?-a

While in fracture, G = G, , and the relationship describing the critical combination of
crack size and stress leading to failure is:

G " 59
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The relations above describe the rate of change in potential energy with the crack area
or the energy release rate G, while at the time the fracture is happening, ¢ = G, , with
G, counting fracture toughness. A key assumption is the fact that the fracture toughness
Gc is dependent on the geometry and size of the cracked body. The experimental
determination of fracture toughness in a test specimen should correspond to the fracture
toughness of an entire construction. Since the behavior of the material is linear elastic,
the fracture is mainly influenced by G which, in a sense, constitutes the driving force
of the fracture [59],[60],[61].

A.1.2 Modes of fracture

Cracks are possible in three loading scenarios. The major force supplied in mode |
loading, which is normal to the crack plane, tends to spread the crack. In-plane shear
loading is represented in Mode 11, which slides one crack face relative to the other. The
third mode is out-of-plane shear. Any one of these modes, or a combination of two or
three modes, can be used to load a fractured body [61].

Mode I Mode I1 Mode 111
(opening) (in-plane shear) (out-of-plane shear)

— =

Figure 127:Fracture Opening Modes [61]

A.2 Linear Elastic Fracture Mechanics (LEFM)

This chapter discusses the methods energy criterion, stress energy approach and J-
integral in the case of study of fracture with linear elastic fracture mechanics theory in
more detail. Also, the way in which LEFM theory can be applied to composite sandwich
constructions is presented.

In general, the three most well-known and widely calculated parameters characterizing
the fracture are the following:
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2. Strain energy release rate

A.2.1 Strain energy release rate

Irwin's [58] energy release rate, G, is a measure of the energy available for an
increase in crack extension:

dll
G_

" 5A

(60)
G is the rate of change in potential energy with crack area. G is also known as the

crack extension force or the crack driving force. Once G reaches a certain point, the
crack expansion occurs, as in [61]:

aws

where G¢ is a measure of the crack resistance of the material.

(61)
The potential energy of an elastic body, I1, is defined as following:
n=U-F (62)
where U is the strain energy stored in the body and F is the work done by external
forces. Considering a dead-loaded fractured plate, the structure is referred to as load
controlled, since the load is fixed at P. In this instance,
F=P-A (63)
a P-A
szP-dAz— (64)
0
While:
n=-U (65)
1 (dU P /dA
), 5 G
t \da/p 2t \da/p
When displacement is fixed, the plate is displacement controlled:
F=0and 1 =U
Thus,
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1 /dU P /dA
G:_?'(%L:_z_t'(%)A (67)

The term of the inverse of plate stiffness is indicated below, since it is useful:
A
C =— 68
5 (68)

A more realistic approach for both, load control and displacement control, is the strain
energy release rate. Therefore, both the load control and the displacement control
have the same rate of energy release.

L
A

NN
NN
NN :
NN
1
Displacement Wﬁ%ﬁW// % T Displacement

Figure 128: Cracked plate fixed load and fix displacement approach [61]

For a body with constant thickness, t, the strain energy release rate, G, is given by:

_P? dC

- . 69
2t da (69)

Where P is the load and a is the crack length.

Where § is the displacement at the point of application of the load. Therefore, the
primary benefit of the strain energy release rate is the absence of the requirement for
fracture tip stress field analysis.

Additionally, it should be noted that the strain energy release rate is related to the

stress intensity factors K, , K;; ,and K;;; . The relationships for these opening modes
are the following:
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A.2.1.1 Fracture Mode I:

KZ-(1—v?
G, = % (plane strain) (70)
2
G, = FI (plane stress) (71)
A.2.1.2 Fracture Mode lI:
Kz - (1 —v?
G =2 (E ) (plane strain) (72)
K
G, = v (plane stress) (73)
A.2.1.3 Fracture Mode IlI:
Kz -(1+v
Gy = % (plane strain) (74)
KZ
Gy = % (plane stress) (75)

It is obvious that the above equations may be used to calculate the stress intensity
factors, if the strain energy release rate mode components are specified. When the
fracture tip stress field analysis is difficult, this is incredibly helpful [62]-[69].

The crack growth initiation criteria based on the strain energy release rate has the
following form for a specific set of loading conditions:

G = G, (76)

The material parameter Gc is the critical value of the strain energy release rate. Thus,
if G < G, the crack is stable and if G > G, the crack is unstable and should
propagate [70],[71].

The superposition method can be used to determine the overall value of the strain
energy release rate for a fracture under mixed mode loading conditions. Thus, we the
following relation for a crack under general mixed-mode I/11/111 loading is provided:

G=0G+G;+Gyy (77)

Where G, , G;;, and G;;are the mode I, mode 11, and mode 111 components of the strain
energy release rate, respectively.
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Finally, the following is assumed in LEFM [72]:

1. Material behavior is linear elastic and exhibits little plasticity at the tip of the
crack.

2. There is a single dominant flaw in the material.

3. Crack growth of this flaw is self-similar.

4. The material is homogeneous along the crack plane.

A.3 Theory of VCCT

For more complex fracture phenomena, the virtual crack closure approach may be used
to compute the strain energy release rate. This technique, which is often utilized, relies
on the applicability of linear-elastic fracture mechanics. The results of the finite element
analysis provide the basis for its application. This method allows individual
computation of the strain energy release rate components linked to each of the three
fundamental mechanisms of crack formation. The primary benefit of this method is that
it only requires one finite element model study. The components of the strain energy
release rate mode must be calculated using the nodal forces at the tip of the crack and
the displacement of the nodal behind the tip of the crack, which is given by the finite
element analysis [69]. The VCCT method was developed by Rybicki and Kanninen
(1977) on the basis of the energy method of Irwin (1958). The development and recent
application of the VCCT were reviewed by Krueger (2002) [4].

A.3.1 Overview of VCCT

The use of finite elements is one of the most useful techniques for solving fracture
mechanics problems. The composition of the VCCT method is based on the numerical
calculation of the following sizes and is one of the most modern and easy methods to
calculate the stress intensity factors, including all three fracture modes, according to
Rybicki and Kanninen [73]. Finite-element approaches to fracture mechanics can be
described as either direct or indirect methods. In the direct method the stress intensity
factors are calculated directly from the solution. In the indirect method an energy
release rate is calculated and stress intensity factors are inferred from it. A two-step
analysis and a one-step analysis are designed as two alternative VCCT
implementations. In the two-step analysis the energy required to create the kinking
crack can be evaluated by computing the strain energy change according to two cases
corresponding to the crack length o and a+Aa. Then, the total strain energy release rate
for a kinking fracture may be determined using Irwin's definition. Two distinct FEAs
corresponding to two different fracture lengths, that are infinitesimally different from
each other are conducted in order to use a two-step analysis. However, the fundamental
concept of the one-step analysis in the first step is to replace the displacement opening
behind the parent crack with the displacement opening along the kinking crack line in
the second step. Then, in a single step, all the variables are calculated. The current one-
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step technique is considered to be as accurate as the two-step VCCT. Although there
are some differences, they are minimal compared to the efficiency obtained by
employing a one-step VCCT computation, as opposed to a two-step VCCT technique
[74]. Most of the challenges that come with conventional approaches, such as the
requirement of singularity components at the crack front, or the creation of elements
that are normal to the curved crack front, can be avoided with 3D VCCT [75].

Aa Aa

zw i crack closed

Zis a Aa Aa
o -— — -—
Xy L crack closed

Aa p—

i — —
crack closed N AU

[ “.‘\_\_N — L B
T hHh— i Figure 130:0ne Step VCCT Method [4]
X

.-'-“'"_Ff;{':.ﬁ[-
'| e
| e

l

7__/..3/

(b). Second Stap - Crack extended

Figure 129:Two Step VCCT Method [4]

The VCCT has a considerable advantage over other approaches. SIF is generated
using this approach for the following three fracture modes from the equation:

Ki2 .
Gi=—"B (i=1,I11,1) (78)

where G; is the energy release rate for mode i, K; the stress intensity factor for mode I,
E the elastic modulus, v the Poisson ratio, § = 1 for plane stress,and § = 1 — v?
for plane strain.

It should also be emphasized that, according to Krueger [76], the two-step approach is
occasionally called VCCT. This terminology in literature is frequently confusing. It
may be more appropriate to call the two-step analysis method the crack closure method,
because the crack is physically extended, or closed, during two complete finite element
analyses. This is because the finite crack extension method requires two complete
analyses. As mentioned above, the fracture in the model is extended for a limited
amount of time prior to the second study. The technique calculates the energy available
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for the fracture to progress by multiplying the global forces on the structural level by
global deformations. This generates a single global total energy release rate. The
integral crack closure of Irwin is the foundation of the crack closure technique.
However, the modified, or virtual, crack closure method (VCCT) needs only one
complete analysis of the structure to determine the deformations, although it shares the
same underlying assumptions as the crack closure method. Only the stiffness matrix of
the elements impacted by the virtual crack extension must be calculated in addition to
the overall energy release rate, which is calculated locally at the crack front.

However, practically speaking, VCCT determines mixed-mode energy release rates
based on the calculated forces and displacements acquired from a finite element
analysis [77]. The Virtual Crack Closure Technique is a useful technique for
determining the stress intensity factor. The primary benefit of the VCCT is that a
particular mesh configuration around the crack front is not necessary. The primary
drawback of the VCCT is that it can only be used to solve cases involving linear elastic
fracture mechanics. It is simple to integrate VCCT into any commercial FE program.
The result of the commercial FE solver determines how complicated the user subroutine
will be. Following the FE analysis, calculating SIF requires very little work if all
necessary data are present [75].
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A.3.2 Three-Dimensional VCCT

The general form of energy release rate for a 3D-crack geometry is defined as:

Glz—ﬁ-Ry-Av (85)
1

G = =577 Ry du (86)
1

G 17 Rz 4w (87)

where G, , G;; and G;;; are Mode I, Il and 11l energy-release rates. Respectively, Au,
Av and Aw are relative displacement between the top and bottom nodes of the crack
face in local coordinates x,y and z. Respectively, Rx, Ry, Rz are reaction forces at the
crack-tip node. AA is crack-extension area[78].

Figure 131: 3D Crack Geometry for VCCT [78]

Considering a 3-D problem, schematic of a crack front area is depicted in the figure
above. Eight-nodded spatial elements are used. The strain energy release rate mode
components at node i can be expressed as:

1
GI = 2AaAb- [Zi'(Wr_Ws)] (88)
1
Gy = Aadb. [X; - (up — ug)] (89)
1
Gy = Aadb. [Y;: - (v — v5)] (90)
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where X, Y and Z are components of the nodal force. u, v, and w are components of
the displacement of the nodal in the X, y, and z directions respectively.

ab

ab
Aa Aa

Figure 132: 3D mesh with eight-nodded elements in crack front area [69]

When the model is meshed using twenty-nodded finite elements, the mode
components of the strain energy release rate can be obtained as:

1
1 = 3 adp

1= %%adb [

1 1
[Zi'(Wr—WS)+Zk'(Wm—Wn)+§'Zl'(Wp—Wq)+E'Zj'(Wd—Wt)](gl)
Xi(up —us) + X - (U —up) +5-

1
2
= 2%a4b [

1
X (up —uy) +5 X (ug —ut)](92)
Yi'(vr_vs)+yk'(vm_vn)+_'

1
2 Yl'(vp_v(I)+

Y (va = v0)| (93)

Figure 133:3D mesh scheme with twenty-nodded elements in crack front area [69]
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A.4 Theory of VCCT in ANSYS

A.4.1 Energy release rate VCCT

The approach for evaluating the energy-release rate is based on the virtual crack-closure
technique (VCCT). The analysis solution step involves calculating the energy-release
rate, while the findings are kept for post-processing. The software employs the modified
crack closure approach (a VCCT-based method, one-step analysis), and it further
assumes that when a crack extends by a little amount Aa, the stress values near the tip
of the crack do not change considerably. It is often advised to use linear elements. The
meshes determine how accurate the VCCT computation will be. VCCT requires the
finite element mesh to be in the crack extension direction. It is essential to define the
crack extension precisely in order to guarantee the precision of the energy-release rate
computation. Given that mesh size has an impact on the solution, it is wise to review
the mesh size convergence before trying the finite element solution [78].

The following material characteristics are supported by the VCCT technique for
calculating the energy release rate:

i.  Linear isotropic elasticity
ii.  Orthotropic elasticity
iili.  Anisotropic elasticity

A.4.2 Crack growth VCCT

The virtual crack closure technique (VCCT) was initially developed to calculate the
energy release rate of a cracked body. Since then, it has been extensively used to
simulate the interfacial crack growth of laminate composites on the presumption that
cracks always propagate along a predetermined path, namely the interfaces. It is
possible to simulate crack development using VCCT with linear elements.

The underlying assumptions for a VCCT-based crack-growth simulation are the
following:

i.  Crack growth follows a predetermined path of cracks.
ii.  The path is defined through interface elements.
iii.  The analysis is quasi-static and does not account for transient effects.
iv.  The material must be anisotropic, orthotropic, or linearly elastic.
v.  The model experiences little rotation or deformation.

The crack can be located in a material, or along the interface of the two materials.
Fracture criteria are based on energy release rates calculated using VCCT. There are
several fracture criteria available, including one that is user defined. An analysis can
define several cracks [78].
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A VCCT-based crack-growth simulation uses:

i.  Interface elements INTER202 (2-D) and INTER205 (3-D).
ii.  The CINT command is used to calculate the energy release rate
iii.  The CGROW command to define the set of crack growth, the fracture criterion,
the crack growth path and the control parameters of the solution.

VCCT-based crack growth simulation has become a popular method for simulating
interface delamination of laminate composites for crack propagation along the
interfaces. Given that fracture may be considered as a separation process between two
surfaces, the approach is also well suited for simulating the fracture process in
homogeneous media.

A.4.3 Interface elements generation

In this technique, the surfaces can be separated using interface or contact elements. The
cohesive material model is used to explain how the surfaces separate. This method may
be used to simulate both interfacial delamination at a material interface and fracture in
a homogeneous material. Adding interface elements across the full interface, including
the original crack and the predefined crack line, when using the CZMESH command to
produce interface elements along the predefined crack path, then the interface elements
on the initial crack are removed.
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A.5 Fracture examination for model(C)

A.5.1 Geometry-Meshing and Boundary Conditions of Cracked
Model (C)

Figure 134:Geometry of Cracked Model(C)
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The Cracked Model(C) consists of 79134 elements and 82722 nodes. This shows a very
fine mesh for smaller areas. This is necessary in order to study the fracture correctly.
Also, in the fracture area, the nodes should be coincident with each other and the
element size should be relatively small. These conditions result from the application of

the VCCT method and the delamination between the two surfaces.
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Figure 135:Meshing of Cracked Model (C)
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For Cracked Model (C) the boundary conditions and load respond to the above cases.

However, they are imported to the model using the Model(B) solution file. Therefore,
the displacements of the previous solution are transferred in Sub Model (C).

& 33
e e i
Bt S i B
L

Figure 136:Displacement Boundary Conditions of Cracked Model (C) imported from Model(B)
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A.5.2 Fracture Set-up for Sub Model(C)

The fracture model is based on VCCT theory. With the help of Workbench GUI, the
process of defining the parameters for fracture and delamination based on VCCT is
very simple. The crack placed in the construction belongs to the pre-meshed crack
category, i.e. the crack is selected from the geometry and then translated into nodes and
elements. The crack has its own coordinate system, which determines the position and
direction of the crack. Delamination belongs to the interface delamination category. i.e.
the program defines the surfaces of the components that touch each other. The interface
is created by interface elements and is essentially the path on which the crack will move.
In the interface area, the specified material contains a fracture criterion which controls
whether the crack will spread. In this particular work, a linear fracture criterion is used
and delamination is based on the results of the VCCT fracture.

Thus, the fracture and delamination regions are:

Crack Fronts and Propagation Direction

Delamination Areas

Figure 137:Crack Fronts and Delamination Areas of T-Joint
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The results for two crack fronts demonstrated below. Crack 1 is located at the end of
the T-Joint and between deck and T-Joint overlamination. Crack 2 is located 145mm
away from Crack 1, in the direction of inside of the bow, according to Model (C).

A.5.3 Energy Release Rates before Delamination
A.5.31 Crack 1

C: SUBMODEL
YECT(G1)
Type:WCCT
Unit: mlfrm?
Tirne: 1

911.09 Max
809,86

708,63

607,39

506,16

404,93

037

202.46

101,23
-2.4387e-11 Min

D-_ =

Figure 138:Crack 1 Energy Release Rate Visualization before delamination
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Crack 1: VCCT Energy Release Rate G1
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Figure 139:Graph of VCCT Energy Release Rates of Crack 1

A.5.4 Energy Release Rates after Delamination
A.5.41 Crack 2

C: SUBMODEL
VECT(GT)
Type: VCCT
Unit: ml/mm?®
Time: 1

12.852 Max

11521

10,189

88581

7.5268

6155 [1 = [z x
48692

33320

2.2016

0.87034 Min

Figure 140: Crack2 Energy Release Rate Visualization after delamination
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Figure 141: Graph of VCCT Energy Release Rates of Crack 2

A.5.5 Total Deformation of Cracked T-Joint Reinforcement

C: SUBMODEL

Total Defarmation

Type: Total Deformation

Unit: mm

Time: 1

Custarn

Deformation Scale Factar:
26,687

26.687 Max
23.722
20,757
17.731
14.826
11.861
88957
5.0305
2,9652
3.0855e-13

Figure 142: T-Joint Reinforcement Total Deformation of Sub Model(C)
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C: SUBMODEL

Total Deformation

Type: Total Deformation
Unit: mrm

Time: 0.2

Custom

Max: 5.3374

Min: 6.171e-14
Deformation Scale Factor:

5.3374
4.7444
41512
23583
2.9652
23722
17791
1.1861
0.59305
6.171e-14

C: SUBMODEL
Total Deformation

Type: Total Deformation
Unit; mrm

Tirme: 1

Custom

Deformation Scale Factor:
26,687
26.687 Max
23722
20757
17.791
14.826
11.881
88957
5.9305
2,9652
3.0855e-13

Figure 143:Stop of delamination in crack front 2

“7 Minimum [mm] |[¥" Maximum [mm] |[v Average [mm]

3.0855e-014 2.6687 0.5626
B.171e-014 53374 1.1252
1.0799e-013 9.3405 1.969

1.7742e-013 15.345 3.2346
2.4298e-013 21.016 4,429
3.0855e-013 26,687 5.62533
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Based on the Ansys GRANTA Material Library, the single skin E-Glass material has a
Fracture Toughness of 18 kJ/m?.

According to VCCT, the theory is that the energy release rate is larger than the critical
value of the linear fracture criterion of 18 kJ/m2. A crack propagation is expected for
this region starting from crack 1 (EER « crack 1 > 18 kJ/m?) and stopping at crack 2
(EER a crack 2 < 18 kJ/m?). Therefore, the assumption that delamination will occur at
the edge between the end of the T-joint overlamination and the deck, is validated
numerically with the above results. Finally, the dominant mode of Energy Release Rate
is the Mode | (G1).

A.5.6 Failure of T-Joint under fracture and effects

As expected, the insertion of a crack strip at the end of the edge between the T-Joint
and the deck led to the propagation of the crack and the total delamination of the 145cm-
long region of the T-Joint overlamination. The crack propagation based on the VCCT
Energy Release Rate, shows that the dominant mode of fracture is Mode I, as validated
from the shape and results of the cracked region. Also, delamination occurred until the
calculated energy release rate became smaller than the critical fracture strength of the
E-Glass material. After this, the T-Joint cannot transfer any load to the rest of the bow
components. Therefore, we generally conclude that when the T-Joint is cracked in the
same manner as in this study, the bow region decreases its mechanical properties from
Model(B) to Model(A) with negative results in overall strength.
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B.Appendix of Simulation and Materials

B.1. Finite elements for 3D VCCT analysis

SOLID 185

Is used for 3-D modeling of solid structures. Eight nodes are used to define it. Each
node has three degrees of freedom: X, y, and z translations. The element is capable of
big deflection, large strain, large deflection, plasticity, hyperelasticity, stress stiffening
and creep. Additionally, it offers the ability to use mixed formulations to simulate the
deformation of completely incompressible hyperelastic materials and virtually
incompressible elastoplastic materials [87].

M o,p
v

| K,L

J
Prism Option

Figure 144:SOLID 185 Element structure[87]

INTER 205

is a linear 3-D interface element with 8 nodes. INTER205 models an interface between
two surfaces and the following delamination process when combined with 3-D linear
structural components like SOLID185. The separation is represented by a progressive
displacement between nodes inside the interface element. At first, the nodes are
coincident. Eight nodes that have three degrees of freedom each (translations in the
nodal X, y, and z directions) define the element which is a linear 3-D interface with 8
nodes. INTER205 models an interface between two surfaces and the following
delamination process when combined with 3-D linear structural components like
SOLID185. The separation is represented by a progressive displacement between nodes
inside the interface element. At first, the nodes are coincident. Eight nodes that have
three degrees of freedom each (translations in the nodal x, y, and z directions) define
the element [87].
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X Y J

Figure 145:INTER 205 Element Structure [87]
TARGE 170

It is used to represent various 3-D "target" surfaces for the associated contact elements
(CONTAL73, CONTAL174). Contact with the target surface, as described in
TARGEL170, is possible between contact elements and solid, shell, or line elements that
characterize the border of a deformable entity. This target surface is connected to its

related contact surface by a shared set of real constants and discretized by a collection
of target segment elements (TARGEL170).

Target Segment Element
TARGE170

/"

n

L]
d
g Y
X
Node-to-Surface
Contact Element
Surface-to-Surface

CONTA175
Contact Element
CONTA173 or CONTA174

TARGE170 K

3

[

n
3-D Line-to-Line j
Contact Element 3-D Line-to-Surface j
CONTA176 Contact Element
CONTA177

Figure 146:TARGE 170 Element Structure[87]
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CONTA 173

It is used to represent contact and sliding between 3-D "target” surfaces (TARGE170)
and a deformable surface defined by this element. The element can be used in coupled
field contact studies and 3-D structural assessments. This component is found on the
surfaces of 3-D solid or shell elements like SOLID185 that are missing mid-side nodes.
When an element surface penetrates one of the target segment elements (TARGE170)
on a given target surface, contact has occurred. Additionally, this component enables
the separation of bonded contacts to simulate interface delamination [87].

/— Associated Target Surfaces ~\

Contact Elements

Surface of Solid/Shell Element
Figure 147:CONTA 173 Element Structure[87]
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B.2.Experimental Data of PVC Core

To better evaluate the results of this study, an experimental procedure for PVC core
material was conducted. The experiments concern PVC specimens that were subjected

to the following mechanical tests:

i. Tensile test
ii.  Bending test

The testing procedures were executed in University of West Attica at the Department
of Naval Architectures and Marine Engineers in the laboratory of Materials, under the
supervision of the professor Isidoros lakovidis. To retrieve the results five specimens
were used for each testing. Only the data of successful specimens were taken into

account. These data are used as validation for the materials used.

Tensile test of PVC Specimens

The geometrical characteristics of the tensile specimens are given below.

—— = = Wy

Figure 148:PVC Tensile Specimen dimensions
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The data results from the testing of three successful samples are shown below:

Tensile Test PVC Speciment

Stress(MPa)

08—

0.6 [—

0.2 H

04—/

—=

T
Stress(MPa) vs. St

T T
rain Speciment Data |

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Strain

Figure 149:Stress-Strain graph of PVC Tensile Specimen
Bending test of PVC Specimens

The geometrical characteristics of the bending specimens are given below:

Figure 150:PVC Bending Specimen dimensions

Bending tests were executed for one failed specimen. Due to the large elasticity of the

pvc bending specimen, no breaking occurred. After the unloading, the specimen
returned to its initial dimensions. Therefore, the data results of the bending testing
conclude that there is no breaking of the pvc core material in the bending mode. This is

a main reason for which composite sandwich materials are resistant to bending.
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C.1.Model(A)

o Frame

Normal Stresses s1 Distribution-Middle Transverse Frame Ply Wise

NANEMIZTHMIO AYTIKHZ ATTIKHZ

ZXOAH MHXANIKQN

C.Appendix of Ply Wise Analysis

MAT 900 Bott: Max: 30.07 Min: -23.08 Average: -0.99 Top: Max: 29.11 Min: -23.17 Average: -0.99
MAT 900 [ Bott: Max: 28.17 Min: -23.17 Average: -0.98 Top: Max: 27.82 Min: -23.26 Average: -0.98
MAT 900 Bott: Max: 27.96 Min: -23.26 Average: -0.98 Top: Max: 26.53 Min: -23.34 Average: -0.98
MAT 900 Bott: Max: 26.56 Min: -23.34 Average: -0.98 Top: Max: 25.02 Min: -23 41 Average: -0.97
MAT 900 [— Bott: Max: 25.04 Min: -23.41 Average: Top: Max: 23.42 Min: -23.49 Average: -0.97
MAT 900 Bott: Max: 23.43 Min: -23.49 Average: Top: Max: 22.51 Min: -23.56 Average: -0.97
MAT 900 [— Boft: Max: 22.51 Min: -23.56 Average: Top: Max: 22.46 Min: -23.63 Average: -0.97
MAT 900 Bott: Max: 22.46 Min: -23.63 Average: Top: Max: 22.42 Min: -23.70 Average: -0.97
MAT 900 [— Bott: Max: 22.42 Min: -23.70 Average: Top: Max: 22.38 Min: -23.77 Average: -0.97
MAT 900 Bott: Max: 22.38 Min: -23.77 Average:

MAT 450

MAT 450 [—

MAT 450 [~

MAT 450 |~

MAT300 [—

MAT300 —

MAT300

MAT300

MAT300

PVC Foam (80 kg m'3;
oam (80, kg m

11 pyerage: 0.00
g_:wlggﬁ 38
T30 13T
MAT300 E ﬁ;gge: 1.3
MAT300 |— BE Average 129
MATS00 [~ B 87 Average -1.28
:19.70 Min: -23.19 Average: -1.42 :-23.20 Average: -1.40
MAT 450 [—
MAT 450 [~ - 2322 Average: -1.38
MAT 450 Bott: Max: 19.59 Min: -23.22 Average: -1.38 Top: Max: 19.54 Min: -23 25 Average: -1.36
MAT 450 Bolt: Max: 19.54 Min: -23.25 Average: -1.37 Top: Max: 19.50 Min: -23 27 Average: -1.35
MAT 900 [~ Botl: Max: 21.66 Min: -25.91 Average: -1.51 Top: Max: 21.59 Min: -25 94 Average: -1.49
MAT 600 Bott: Max: 21.59 Min: -25.94 Average: -1.50 Top: Max: 21.53 Min: -25 98 Average: -1.48
MAT 900 [~ Bott: Max: 21.53 Min: -25.98 Average: -1.48 Top: Max: 21.92 Min: -26.03 Average: -1.46
MAT 900 Bolt: Max: 21.92 Min: -26.03 Average: -1.46 Top: Max: 22.54 Min: -26 07 Average: -1.44
MAT 900 — Bott: Max: 22.53 Min: -26.07 Average: -1.44 Top: Max: 23.17 Min: -26.11 Average: -1.43
MAT 900 Bolt: Max: 23.16 Min: -26.11 Average: -1.43 Top: Max: 23.82 Min: -26.16 Average: -1.41
MAT 600 Bott: Max: 23.81 Min: -26.16 Average: -1.41 Top: Max: 24.48 Min: -26 20 Average: -1.39
MAT 900 [— Bott: Max: 24.46 Min: -26.20 Average: Top: Max: 25.12 Min: -26.25 Average: -1.38
MAT 900 Bott: Max: 25.10 Min: -26.25 Average: Top: Max: 25.72 Min: -26.29 Average: -1.36
MAT 900 Bolt: Max: 25.69 Min: -26.29 Average: Top: Max: 26.17 Min: -26.34 Average: -1.34
Ply Stress Analysis (MPa)-From Aft to Fore Ply
Normal Stresses s2 Distribution-Middle Transverse Frame Ply Wise
MAT 800 Bott: Max: 28.90 Min: 45.73 Average: -1.24 Top: Max: 28.88 Min: 45.74 Average:
MAT 900 — Bott: Max: 28.88 Min: 45.74 Average: -1.28 Top: Max: 28.85 Min: 45.76 Average:
MAT 800 Bott: Max: 28.85 Min: -45.76 Average: -1.32 Top: Max: 28.82 Min: 45.79 Average:
MAT 800 Bott: Max: 28.82 Min: -45.79 Average: -1.37 Top: Max: 28 78 Min: 45 82 Average:
MAT 900 [— :28.78 Min: -45.82 Average: -1.41 Top: Max: 28.74 Min: -45.85 Average:
MAT 900 :28.74 Min: -45.85 Average: -1.45 Top: Max: 28.70 Min: -45.88 Average:
MAT 900 [— + 28.70 Min: -45.88 Average: -1.50 Top: Max: 28.67 Min: -45.91 Average:
MAT 900 - 28.67 Min: -45.91 Average: -1.64 Top: Max: 28.63 Min: -45.93 Average:
MAT 900 — +28.63 Min: -45.93 Average: -1.59 Top: Max: 28.59 Min: -45.96 Average:
MAT 900 : 28.59 Min: -45.96 Average: -1.63 Top: Max: 28.56 Min: -45.98 Average:
MAT 450 : 26.71 Min: -41.34 Average: -1.50 Top: Max: 26.70 Min: 41.36 Average:
MAT 450 — +25.70 Min: -41.36 Average: -1.52 Top: Max: 25.68 Min: -41.37 Average:
MAT 450 - 25.68 Min: Top: Max: 2566 Min: -4: 37 Average:
MAT 450
MAT300 [—
MAT300 |—
MAT300
MAT300
MAT300

PVC Foam (80 kg m 3!
B

Top: Max: 0.06 Min: -0

in:

1
11,45
1
1
1

d 22 K 10 lax: &
MAT300 *Max: 22:52 Min: 471.33 Average: 1. Top: Max: 22.48 Min:
MAT300 [— Boft: Max: 22.48 Min' 4135 Average: -1.97 Top: Max 22.46 Min: 4
MATI00 — Bolt: Max: 22.46 Min. -41.32 Average. -1.97 Top. Max 22.43 Min: <1. 1
MAT 450 — Bott: Max: 24.93 Min: -45.89 Average: -2.20 Top: Max: 24 89 Min: -45.86 Average: -2.21
MAT 450 [— Bott: Max: 24.89 Min: -45.86 Average: -2.21 Top: Max: 24 85 Min: 45.83 Average: -2.22
MAT 450 Bott: Max: 24.85 Min: -45.83 Average: -2.22 Top: Max: 24.82 Min: -45.81 Average: -2.24
MAT 450 Boft: Max: 24.82 Min: -45.81 Average: -2.24 Top: Max: 24.79 Min: -45.78 Average: -2.25
MAT 900 [— Botlt: Max: 27.53 Min: -50.92 Average: -2.51 Top: Max: 27.48 Min: -50.87 Average: -2.54
MAT 900 Bott: Max: 27.48 Min: -50.87 Average: -2.54 Top: Max: 27 .44 Min: -50.84 Average: -2.56
MAT 900 [— Bott: Max: 27.44 Min: -50.84 Average: -2.56 Top: Max: 27.40 Min: -50.80 Average: -2.59
MAT 900 Bott: Max: 27.40 Min: -50.80 Average: -2.59 Top: Max: 27.35 Min: -50.75 Average: -2.61
MAT 900 — Bolt: Max: 27.35 Min: -50.75 Average: -2.61 Top: Max: 27.31 Min: -50.71 Average: -2.63
MAT 800 Bott: Max: 27.31 Min: -50.70 Average: -2.63 Top: Max: 2727 Min: -50.65 Average: -2.66
MAT 900 Bott: Max: 27.27 Min: -50.65 Average: -2.66 Top: Max: 27.23 Min: -50.58 Average: -2.69
MAT 900 (— Bott: Max: 27.23 Min: -50.58 Average: -2.69 Top: Max: 27.19 Min: -50.49 Average: -2.71
MAT 900 Bolt: Max: 27.19 Min: -50.49 Average: -2.71 Top: Max: 27.15 Min: -50.40 Average: -2.74
MAT 900 Bott: Max: 27.15 Min: -50.40 Average: -2.74 Top: Max: 27.10 Min: -50.28 Average: -2.77

Figure 151: Model(A): Ply Analysis of Normal and Shear Stresses Distribution of Middle Frame
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Shear Stresses 512 Distribution-Middle Transverse Frame Ply

Wise Ply Wise

MAT 900 Bott: Max: 27.29 Min: -26 75 Average: 0.58 Top: Max: 27 .37 Min: -25.69 Average: 0.69
MAT 900 Bott: Max: 27.37 Min: -25 69 Average: 0.59 Top: Max: 27 44 Min: -25.64 Average: 0.59
MAT 200 Botl: Max: 27.44 Min: -25 64 Average: 0.59 Top: Max: 27.50 Min: -25.58 Average: 0.50
MAT 200 Bott: Max: 27.50 Min: -25.58 Average: 0.60 Top: Max: 27 .56 Min: -25.52 Average: 0.61
MAT 800 Bott: Max: 27.66 Min: -25 .62 Average: 0.61 Top: Max: 27 62 Min: -25.47 Average: 0.61
AT 300 Bott: Max: 27.62 Min: -25 47 Average: 0.61 Top: Max: 27 67 Min: -25.41 Average: 0.62
AT 900 | Boit: Max: 27.67 Min: -25 41 Average: 0.62 Top: Max: 27.72 Min: -25.36 Average: 0.63
MAT 800 Bott: Max: 27.72 Min: -25.36 Average: 0.63 Top: Max: 27.76 Min: -25.30 Average: 0.63
MAT 800 |— Bott: Max: 27.76 Min: -25.30 Average: 0.63 Top: Max: 27 .80 Min: -25.24 Average: 0.64
AT 300 Bott: Max: -25.24 Average: 0.64 op: Max: 27 84 Min: -25.18 Average: 0.65
Bott: Max: : 0.58 op: Max: 25.06 Min: -22.62 Average: 0.59
MAT 450 Bott: Max: :0.59 :
MAT 450 N N Y N
Bott: Max: 1 0.60
MAT 450 [—
Bott: Max: 1 0.60
MAT 450 ot Max: 10.55
AT300 — Bofl: Max: ‘055
MAT300 Bott: Max: 2 ).56
MAT300 Boll: Max: 22. T0.57
MAT300 Max :
M08 Boft Max. 2 57
. Bott: Max: 0.09 Min: -0.08 Average: 0.00
PVC Foam (80 ke m-2) Boit Max 2 m
MAT 3! Botl: Max: 2 in:- weral
MAT300 Boll: Max: 2 - WVeras 7
MAT300 Bott: Max: 24. -19.87 Average: 1.07
maﬁ% — Bolt! Max: 24.53 Min: -19.85 Average. 1.07 H
MAT 450 |— Bott: Max: -22.04 Average: 1.19 Top: Max: 27.34 Min: -22.02 Average: 1.19
MAT 450 Botl: Max: 27.34 Min: -22.02 Average: 1.19 Top: Max: 27.39 Min: -21.99 Average: 1.20
MAT 450 Botl: Max: -21.99 Average: 1.20 Top: Max: 27.42 Min: -21.96 Average: 1.20
MAT 450 Bott: Max: : -21.96 Average: 1.20 Top: Max: 27 46 Min: -21.93 Aver. 120
MAT 900 |— Botl: Max: 30.53 Min: -24 37 Average: 1.34 Top: Max: 30.58 Min: -24.32 Average: 1.34
MAT 200 Bott: Max: 30.58 Min: -24 32 Average: 1.34 Top: Max: 30.63 Min: -24.27 Average: 1.35
MAT 900 |— Bott: Max: 30.63 Min: -24 27 Average: 1.35 Top: Max: 30 67 Min: -24.22 Average: 1.36
AT 900 Bott: Max: -24.22 Average: 1.36 Top: Max: 30.71 Min: -24.17 Average: 1.37
AT 900 Bot: Max: -24 17 Average: 1.37 Top: Max: 30.75 Min: -24.11 Average: 138
MAT 800 Bott: Max: 30.75 Min: -24 11 Average: 1.38 Top: Max: 30.78 Min: -24.06 Average: 1.38
MAT 800 Bott: Max: 30.78 Min: -24 06 Average: 1.38 Top: Max: 30.81 Min: -24.00 Average: 1.39
MAT 900 Bott: Max: 30.81 Min: -24 00 Average: 1.39 Top: Max: 30 .84 Min: -23.95 Average: 140
MAT 900 Bott: Max: 30.84 Min: -23 95 Average: 1.40 Top: Max: 30.85 Min: -23.90 Average: 1.41
MAT 900 Bott: Max: 30.85 Min: -23.90 Average: 1.41 Top: Max: 30.87 Min: -23.84 Average: 1.41
Ply Stress Analysis (MPa)- Aft to Fore Ply
Figure 152: Model(A): Ply Analysis of Tsai Wu Failure Safety Factor Distribution of Middle Frame
Tsai Wu Safety Factor Failure Distribution -Ply Wise
MAT 900 M!dcl\ez Max: 650.26 M!n‘ 3.62 Average: 34.87
MAT 900 Middle: Max: 794 .89 Min: 3.61 Average: 34.81
MAT 900 Middle: Max: 769.39 Min: 3.61 Average: 34.48
iddle: 3 X in: 3. age: 34.
MAT 900 Middle: Max: 765.97 Min: 3.60 Average: 34.27
MAT 900 M:dd\e: Max: 767.75 M:n 3.59 Average: 34.04
MAT 900 Middle: Max: 774.93 Min: 3.59 Average: 33.79
MAT 900 |— Middle: Max: 783.62 Min: 3.58 Average: 33.60
MAT 900 M!dd\e, Max: 791.82 M!n 3.58 Average: 33.47
MAT 900 |— Middle: Max: 800.06 Min: 3.58 Average: 33.32
Middle: Max: 800.00 Min: 3.57 Average: 33.14
ml 323 Middie: Max: 668.13 Min: 3.57 Average: 32.36
Middle: Max: 696.89 Min: 3.57 Average: 32.21
MAT 450 n
[ Middle: 3 3.56 Average: 32.00
MAT 450 Midde:
MAT 450
AT300 —
MAT300
MAT300
MAT300
MAT300

$
=
x
5]
T

Middle: Max: 586.29 Min: 2. 32
Middle: Max: 55997 Min: 3.16 Average:
Middle: Max: 667.26 Min: 3.28 Average: 33.02

Middle: Max: 670.92 Min: 3.28 Average: 33.04
Middle: Max: 662 27 Min: 3.28 Average: 32 .94

Middle: Max: 651.64 Min: 3.28 Average: 32.88

MAT 450

Middle: Max: 635.22 Min: 3.27 Average: 32.83

MAT 450
MAT 800 [—

Middle: Max: 799.63 Min: 3.27 Average: 33.35
Middle: Max: 788.88 Min: 3.27 Average: 33.20

MAT 800
MAT 900 —

Middle: Max: 778.70 Min: 3.27 Average: 33.03
Middle: Max: 768.80 Min: 3.26 Average: 32.84

MAT 800

Middle: Max: 759.18 Min: 3.26 Average: 32.69

MAT 800

Middle: Max: 751.68 Min: 3.26 Average: 32.52

MAT 900

Middle: Max: 749.54 Min: 3.26 Average: 32.35

MAT 900

Middle: Max: 753.31 Min: 3.26 Average: 3217

MAT 900

Middle: Max: 766 .63 Min: 3.26 Average: 31.97

MAT 900

Middle: Max: 571.83 Min: 3.26 Average: 31.81

MAT 900
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o Deck

MAT 800

MAT 800

MAT 900

MAT 200

MAT 200

MAT 800

MAT 900

MAT 900

MAT 900

MAT 450
MAT300

PVC Foam (80 kg m™3)

MAT 500
MAT 500
MAT 900
MAT 800
MAT 800
MAT 900
MAT 800
MAT 800

MAT 800

MAT 450
MAT300

PVC Foam (80 kg m’3)
MAT 450

MAT 900
MAT 900
MAT 800
MAT 800
MAT 800
MAT 900
MAT 800
MAT 800

MAT 500

MAT 450

MAT 800

MAT 800

MAT 900

MAT 900

MAT 900

MAT 800

MAT 200

MAT 200

MAT 800

Bott: Max: 147.01 Min: -83.07 Average: 9.47

Normal Stresses s1 -Deck Ply Wise

Top: Max: 126.90 Min: -60.03 Average: 8.64

Bott: Max: 126.88 Min: -58.92 Average: 8.63

Top: Mazx: 106.94 Min: -43.92 Average: 7.81

Bott: Max: 106.90 Min: -43.37 Average: 7.81

Bott: Max: 87.12 Min: -29.80 Average: 6.98

Top: Max: 87.16 Min: -30.31 Average: 6.98

Top: Max: 67.43 Min: -17.79 Average: 6.16

Bott: Max: 67.38 Min: -17 28 Average: 6.16

Top: Max: 47.80 Min: -10.07 Average: 5.34

Boft: Max: 47.75 Min: -0.98 Average: 5.33

Bott: Max: 31.92 Min: -9.17 Average: 4.51

Top: Max: 31.88 Min:-9.13 Average: 4.52

Top: Max: 23.85 Min: -9.06 Average: 3.70

Boft: Max: 23.86 Min: -9.06 Average: 3.69

Top: Max: 31.48 Min: -12.38 Average: 2 88

Botl: Max: 32.00 Min: -12.43 Average: 2.87

Top: Max: 45.12 Min: -32.24 Average: 2.08

Bott: Max: 42.07 Min: -29.13 Average: 1.84

Top: Max: 51.30 Min: -41.79 Average: 1.32

Bott: Max: 47.04 Min: -37 69 Average: 1.18

Bott: Max: 0.25 Min: -0.22 Average: 0.00

Top: Max: 53.70 Min: -45.37 Average: 0.87

Top: Max: 0.20 Min: -0.09 Average: -0.00

Bott: Max: 47.67 Min: -43.70 Average: -1.74

Top: Max: 34.01 Min: -37 02 Average: -2 26

Bott: Max: 37.77 Min: -40.92 Average: -2.52

Top: Max: 16.48 Min: -30.90 Average: -3.34

Boft: Max: 16.42 Min: -30.95 Average: -3.34

Top: Max: 10.70 Min: -24 43 Average: -4.16

Bott: Max: 10.67 Min: -24.41 Average: -4.16

Botl: Max: 9.86 Min: -32.78 Average: 4.99

Top: Max: 9.90 Min: -32.80 Average: -4.98

Top: Max: 9.21 Min: -47.39 Average: -5.80

Bott: Max: 9.21 Min: -47.51 Average: -5.81

Top: Max: 15.38 Min: -68.65 Average: -6.62

Bott: Max: 15.34 Min: -68.71 Average: -6.63

Bott: Max: 23.59 Min: -90.04 Average: -7.45

Top: Max: 23.63 Min: -89.99 Average: -7 44

Top: Max: 31.99 Min: -111.39 Average: -8.26

Bott: Max: 31.95 Min: -111.43 Average: -8.27

Top: Max: 40.60 Min: -132.88 Average: -9.08

Bott: Max: 40.59 Min: -132.90 Average: -9.08

Top: Max: 49.85 Min: -154.48 Average: -0.88

Bott: Max:

Ply Stress Analysis (MPa)-From Upper Skin to Bottom Skin

Normal

220.07 Min: -301.69 Average: 2.85

Stresses s2 -Deck Ply Wise

Top: Max: 186.41 Min: -225 .87 Average: 2.62

Bott: Max:

Bott: Max:

Bolt: Max:

186.38 Min: -224.76 Average: 2,62

Top: Max: 153.45 Min: -175.17 Average: 2.40

153.42 Min: -174.62 Average: 2.39

120.41 Min: -130.50 Average: 2.17

Top: Max: 120.46 Min: -131.03 Average: 2.18

Top: Max: 87.69 Min: -90.01 Average: 1.96

Bott: Max: 87.63 Min: -89.48 Average: 1.96

Top: Max: 55.79 Min: -51.26 Average: 1.74

Bott: Max: 55.73 Min: -51.30 Average: 1.74

Bott: Max: 35.32 Min: -26.35 Average: 1.53

Top: Max: 35.30 Min: -26.06 Average: 1.53

Top: Max: 30.40 Min: -22.93 Average: 1.32

Bott: Max: 30.42 Min: -23 20 Average:

3

Top: Max: 68.08 Min: -44.62 Average: 1.10

Bott: Max: 68.57 Min: -44 87 Average: 1.10

Top: Max: 111.27 Min: -77.23 Average: 0.88

Bott: Max:

- 101.59 Min: -69.61 Average: 0.79

Top: Max: 131.35 Min:

90.58 Average: 0.65

Bott: Max:

- 119.08 Min: -81.56 Average: 0.58

Bott: Max: 0.49 Min: -0.41 Average: 0.00

Top: Max: 140.32 Min: -93.91 Average: 0.50

Top: Max: 0.16 Min: -0.17 Average: 0.00

Bott: Max:

- 106.64 Min: -87.12 Average: 0.41

Top: Max: 82.56 Min: -66.44 Average: 0.26

Bott: Max: 91.74 Min: -73 84 Average: 0.28

Top: Max: 55.99 Min: -43.05 Average: 0.03

Bott: Max: 55.95 Min: -43.04 Average: 0.03

Bott: Max: 20.47 Min: -34.93 Average: -0.22

Bott: Max: 27.05 Min: -39.55 Average: -0.46

Top: Max: 20.52 Min: -34.97 Average: -0.21

Top: Max: 27 .42 Min: -39.66 Average: -0.45

Top: Max: 54.21 Min: -51.64 Average: -0.69

Bott: Max: 53.73 Min: -51.77 Average: -0.70

Top: Max: 84.48 Min: -87.39 Average: -0.93

Boft: Max: 84.36 Min: -B7.46 Average: -0.94

Bott: Max: 115.11 Min: -123.33 Average: -1.18

Top: Max: 115.20 Min: -123.27 Average: -1.17

Top: Max: 146.17 Min: -159.31 Average: -1.42

Bott: Max: 146.09 Min: -159.35 Average: -1.42

Top: Max: 178.04 Min: -195 52 Average: -1.66

Bott: Max: 177.97 Min: -195.54 Average: -1.67

Top: Max: 210.54 Min: -231.98 Average: -1.91
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Figure 153: Model(A): Ply Analysis of Normal and Shear Stresses Distribution of Deck

Ply Stress Analysis (MPa)-From Upper Skin to Bottom Skin
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Bott: Max: 41.95 Min: -38.61 Average: 0.51

Shear Stresses s12 -Deck Ply Wise

Top: Max: 35.52 Min: -32.49 Average: 0.46

Bott: Max: 35.52 Min: -32.49 Average: 0.46

Top: Max: 29.14 Min: -26.85 Average: 0.40

Bott: Max: 29.14 Min: -26 .84 Average: 0.40

Bott: Max: 22.89 Min: -21.02 Average: 0.35

Top: Max: 22.89 Min: -21.02 Average: 0.35

Top: Max: 16.68 Min: -15.27 Average: 0.29

Bott: Max: 18.68 Min: -15.27 Average: 0.29

Top: Max: 10.52 Min: -9.66 Average: 0.24

Bott: Max: 10.52 Min: -9.66 Average: 0.24

Bott: Max: 5.32 Min: -5.30 Average: 0.18

Top: Max: 5.32 Min: -5.30 Average: 0.18

Top: Max: 5.28 Min: -4 .88 Average: 0.12

Bott: Max: 5.28 Min: -4.88 Average: 0.12

Top: Max: 8.06 Min: -8.22 Average: 0.07

Bott: Max: 8.06 Min: -8.22 Average: 0.07

Top: Max: 13.67 Min: -14.40 Average: 0.01

Bott: Max: 12.30 Min: -12.96 Average: 0.01

Top: Max: 16.18 Min: -16.90 Average: -0.03

Bott: Max: 14.56 Min: -15.20 Average: -0.03

Bott: Max: 0.07 Min: -0.07 Average: -0.00

Top: Max: 17.00 Min: -17.73 Average: -0.05

Top: Max: 0.08 Min: -0.07 Average: -0.00

Bott: Max: 21.04 Min: -19.09 Average: -0.18

Top: Max: 16.75 Min: -15.30 Average: -0.22

Bott: Max: 18.61 Min: -17.00 Average: -0.24 Top: Max: 11.98 Min: -10.95 Average: -0.30
Bott: Max: 11.98 Min: -10.95 Average: -0.30 Top: Max: 5.40 Min: -7.54 Average: -0.36
| Bott: Max: 5.40 Min: -7.54 Average: -0.36 Top: Max: 3.93 Min: -5.06 Average: -042
Bott: Max: 3.93 Min: -5.06 Average: -0.42 Top: Max: 7.90 Min: -8.12 Average: -048
Bott: Max: 7.90 Min: -8.12 Average: -0.48 Top: Max: 13.90 Min: -14.68 Average: -0.54
| Bott: Max: 13.90 Min: -14.68 Average: -0.54 Top: Max: 19.98 Min: -21.31 Average: -0.60
Bott: Max: 19.98 Min: -21.31 Average: -0.60 Top: Max: 26.10 Min: -27.96 Average: -0.66
Bott: Max: 26.10 Min: -27.96 Average: -0.66 Top: Max: 32.25 Min: -34.62 Average: -0.72
Bott: Max: 32.25 Min: -34.63 Average: -0.72 Top: Max: 38.50 Min: -41.37 Average: -0.79
Ply Stress Analysis (MPa)-From Upper Skin to Bottom Skin
-~ Tsai Wu Safety Factor Failure Distribution -Deck Ply Wise
MAT 900 Middle: Max: 31794 Min: 1.11 Average: 29.29
MAT 900 Middle: Max: 346.34 Min: 1.45 Average: 31.86
MAT 900 |— Middle: Max: 347 .40 Min: 1.60 Average: 34.36
MAT 900 Middle: Max: 361.85 Min: 1.58 Average: 37.15
MAT 900 Middle: Max: 397.64 Min: 1.58 Average: 40.35
MAT 900 |— Middle: Max: 479.51 Min: 1.60 Average: 44.15
MAT 900 Middle: Max: 672.09 Min: 1.63 Average: 48.53
MAT 900 Middle: Max: 1000.00 Min: 1.66 Average: 52.45
MAT 900 Middle: Max: 822.75 Min: 1.72 Average: 54.94
AT 450 |- Nidde w671 87 Min 181 Aerage 5401

PVC Feam (80 kg m™3)

Havemeotnpuotmoi
Adgovg Arydieon

MAT 450

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

Middle: Max: 1000.00 Min: 1000.00 Average: 1000.00

Middle: Max: 1000.00 Min: 1.96 Average: 62.80

Middle: Max: 1000.00 Min: 1.81 Average: 61.86

Middle: Max: 1000.00 Min: 1.74 Average: 58.81

Middle: Max: 1000.00 Min: 1.71 Average: 54.43

Middle: Max: 750.43 Min: 1.68 Average: 48.60

Middle: Max: 608.53 Min: 1.67 Average: 43.76

Middle: Max: 525.76 Min: 1.65 Average: 39.84

Middle: Max: 462.17 Min: 1.65 Average: 36.53

Middle: Max: 411.68 Min: 1.66 Average: 33.54

Middle: Max: 370.25 Min: 1.52 Average: 29.94

Figure 154:

Ayiov Ervpidovos, Avpdlen 12243

s 210 5385100

Tsai-Wu Safety Factor-From Upper Skin to Bottom Skin

Model(A): Ply Analysis of Tsai Wu Failure Safety Factor Distribution of Deck
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C.2.Model(B)

o Frame

Normal Stresses s1 Distribution-Ply Wise

NANEMIZTHMIO AYTIKHZ ATTIKHZ

ZXOAH MHXANIKQN

MAT 900 Bott: Max: 18.38 Min: -17.57 Average: -0.76 Top: Max: 18.02 Min: -17 63 Average: -0.76
MAT 800 Bott: Max: 18.06 Min: -17.63 Average: -0.75 Top: Max: 17.61 Min: -17 68 Average: -0.75
MAT 900 Bott: Max: 17.64 Min: -17.68 Average: -0.75 Top: Max: 17.14 Min: -17.73 Average: -0.75
MAT 900 Bott: Max: 17.16 Min: -17.73 Average: -0.75 Top: Max: 16.63 Min: -17 78 Average: -0.75
MAT 800 Bott: Max: 16.65 Min: -17.78 Average: -0.75 Top: Max: 16.50 Min: -17 82 Average: -0.75
VAT 900 Boit: Max: 16.50 Min: -17.82 Average: -0.75 Top: Max: 16.48 Min: -17 87 Average: -0.74
VAT 500 | Bot: Max: 16.48 Min: -17.87 Average: -0.74 Top: Max: 16.46 Min: 1791 Average: -0.74
MAT 900 Bott: Max: 16.46 Min: -17.91 Average: -0.74 Top: Max: 16.43 Min: -17.95 Average: -0.74
MAT 900 Bott: Max: 16.43 Min: -17.95 Average: -0.74 Top: Max: 16.41 Min: -18.00 Average: -0.75
MAT 800 Bott: Max: 16.41 Min: -18.00 Average: Top: Max: 18.05 Average: -0.75
MAT 460 Bott: Max: 14.75 Min: -16.21 Average: Top: Max: : 0.67
MAT 450 Bott: Max: 14.74 Min: -16.24 Average: Top: Max: : -0.67
MAT 420 Boit: Max: 14.73 Min: -16.27 Average. Top
Bott: Max: 14.72 Min: -16.31 Aver: op:
MAT 450 Max: i -14.71 Average op:
IAT300 — Bolt: Max' 13.25 Min:-14.74 Average: 6p°
MAT300 Bott: Max: 13.24 Min:-14.77 Average: o
MAT300 : Max: 13. X op:
MAT300 op:
MAT300
. Top: Max: 0.09 Min: -0.08 Average: -0.00
PVC Foam (80 kﬂ mDB& 0] B
MATS! o5
MAT300 . -15.54 Average op: .52 Averai
MAT300 . in: -15.52 Average: op: ¥ WVErage.
MAT300 [ . -15.52 Average op. 1552 Average.
MAT300
MAT 450 |— -17.24 Average: op: : -0.94
MAT 450 Bott: Max: 14.41 Min: -17.25 Average: -0.94 Top: : -0.93
VAT 420 Bolt: Max: 14.38 Min: -17.26 Average: -0.93 Top 093
MAT 450 Bott: Max: 14.36 Min: -17.27 Average: -0.93 Top: Max 17 .28 Average: -0.92
MAT 900 — Boft: Max: 15.92 Min: -19.24 Average: -1.03 Top: Max: 15.88 Min: -19.25 Average: -1.02
MAT 900 Bott: Max: 15.88 Min: -19.25 Average: -1.02 Top: Max: 15.85 Min: -19.28 Average: -1.01
MAT 900 — Bott: Max: 15.85 Min: -19.28 Average: -1.01 Top: Max: 15.81 Min: -19.30 Average: -1.00
MAT 900 Bott: Max: 15.81 Min: -19.30 Average: -1.00 :-19.32 Average: -1.00
MAT 900 Bott: Max: 15.78 Min: -19.32 Average: -1.00 19.35 Average: -0.99
MAT 900 Bott: Max: 15.74 Min: -19.35 Average: -0.99 Top: Max: 15.71 Min: -19.37 Average: -0.98
MAT 900 Bott: Max: 15.71 Min: -19.37 Average: -0.98 Top: Max: 16.67 Min: -19.39 Average: -0.97
MAT 800 Bott: Max: 15.67 Min: -19.39 Average: -0.97 Top: Max: 15.64 Min:-19 42 Average: -0.97
VAT 000 Bott: Max: 15.84 Min: -19.42 Average: -0.97 Top: Max: 15.80 Min: -19 44 Average: -0.96
MAT 900 Bott: Max: 15.60 Min: -19.44 Average: -0.96 Top: Max: 15.56 Min: -19.47 Average: -0.95
Ply Stress Analysis (MPa)-From Aft to Fore Ply
Normal Stresses s2 Distribution-Ply Wise
MAT 900 Bott: Max: 21.12 Min: -34.55 Average: -1.22 Top: Max: 2111 Min: -34.57 Average: -1.24
VAT 900 Bott: Max: 21.11 Min: -34.67 Average: -1.23 Top: Max: 2110 Min: -34.60 Average: -1.26
MAT 900 Bott: Max: 21.10 Min: -34.60 Average: -1.26 Top: Max: 21.08 Min: -34.63 Average: -1.28
VAT 900 Bott: Max: 21.08 Min: -34.63 Average: -1.28 Top: Max: 21.06 Min: -34.66 Average: -1.31
MAT 900 Bott: Max: 21.06 Min: -34.66 Average: -1.31 Top: Max: 21.04 Min: -34.69 Average: -1.33
VAT 500 Bott: Max: 21.04 Min: -34.69 Average: -1.33 Top: Max: 21.02 Min: -34.71 Average: -1.36
AT 900 — Bolt: Max: 21.01 Min: -34.71 Average: -1.36 Top: Max: 21.00 Min: -34.74 Average: -1.39
MAT 900 Bott: Max: 20.99 Min: -34.74 Average: -1.39 Top: Max: 20.98 Min: -34.76 Average: -1.41
AT 900 | Bolt: Max: 20.97 Min: -34.76 Average: -1.41 Top: Max: 20.96 Min: -34.79 Average: -1.44
MAT 900 Bott: Max: 20.95 Min: -34.79 Average: -1.44 .81 Average: -1.46
MAT 450 Bott: Max: 18.85 Min: -31.29 Average: -1.31 .31 Average: -1.33
Boli: Max: 18.84 Min: -31.31 Average: -1.32 .32 Average: -1.34
MAT 450 1 1.32 Average: 3 Average: -1.36
MAT 450 — g .
MAT 450
MAT300 —
MAT300
MAT300
MAT300
MAT300

PVC Foam (80 kg m 3|
¢ MkﬂTE

MAT 450
MAT 450

MAT 200
MAT 300
MAT 200
MAT 900
MAT 800
MAT 900
MAT 800
MAT 900
MAT 800
MAT 900

Bott: Max: 18.27 Min: -33.81 Average: -1.76

lax: 18.25 Min: -33.79 Average: -1.77

Bott: Max: 18.25 Min: -33.79 Average: -1.77 Top: Max: 18.23 Min: -33.77 Average: -1.78
L Bott: Max: 20.2¢ Min: -37.57 Average: -1.98 Top: Max: 20.22 Min: -37.54 Average: -2.00
Bott: Max: 20.21 Min: -37.54 Average: -2.00 Top: Max: 20.19 Min: -37.52 Average: -2.01
L Bott: Max: 20.19 Min: -37.52 Average: -2.01 Top: Max: 20.17 Min: -37.49 Average: -2.02
Bott: Max: 20.17 Min: -37.49 Average: -2.02 Top: Max: 20.14 Min: -37.47 Average: -2.04
Bott: Max: 20.14 Min: -37.47 Average: -2.04 Top: Max: 20.12 Min: -37.44 Average: -2.05
Bott: Max: 20.12 Min: -37.44 Average: -2.05 Top: Max: 20.10 Min: -37.40 Average: -2.06
Bott: Max: 20.10 Min: -37.40 Average: -2.06 Top: Max: 20.07 Min: -37.36 Average: -2.08
Bott: Max: 20.07 Min: -37.36 Average: -2.08 Top: Max: 20,05 Min: -37.31 Average: -2.09
Bott: Max: 20.05 Min: -37.31 Average: -2.09 Top: Max: 20.03 Min: -37.24 Average: -2.11
Bott: Max: 20.03 Min: -37.24 Average: -2.11 Top: Max: 20,00 Min: -37.17 Average: -2.13

Figure 155: Model(B): Ply Analysis of Normal and Shear Stresses Distribution of Middle Frame
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Shear Stresses s12 Distribution-Ply Wise

3 "‘g NANEMIZTHMIO AYTIKHZ ATTIKHZ

MAT 800 : Max: 20.75 Min: -18.80 Average: 0.61 Top: Max: 20.80 Min: -18.76 Average: 0.62
MAT 900 : Max: 20.80 Min: -18.76 Average: 0.62 Top: Max: 20.84 Min: -18.73 Average: 0.62
MAT 900 - Max: 20.84 Min: -18.73 Average: 0.62 Top: Max: 20 88 Min: -18.70 Average: 063
MAT 800 : Max: 20.88 Min: -18.70 Average: 0.63 Top: Max: 20.92 Min: -18.67 Average: 0.63
MAT 800 : Max: 20.92 Min: -18 67 Average: 0.63 Top: Max: 20.95 Min: -18.64 Average: 0.64
MAT 500 : Max: 20.95 Min: -18 64 Average: 0.64 Top: Max: 20 98 Min: -18.60 Average: 0.64
MAT 800 — : Max: 20.98 Min: -18.60 Average: 0.64 Top: Max: 21.01 Min: -18.57 Average: 0.65
MAT 500 : Max: 21.01 Min: -18.57 Average: 0.65 Top: Max: 21.04 Min: -18.54 Average: 0.65
MAT 900 |— : Max: 21.04 Min: -18.54 Average: 0.66 Top: Max: 21.07 Min: -18.51 Average: 0.66
MAT 900 : Max: 21.07 Min: -18.51 Average: 0.66 Top: Max: 21.08 Min: -18.47 Average: 067
MAT 450 : Max: -16.62 Average: 0.60 Top: Max: 18.98 Min: -16.60 Average: 0.61
: Max: -16 .60 Average: 0.61 Top: Max: 18.99 Min: -16.58 Average: 0.61
MAT 450
[ : Max: -16.58 Average: 0.61 : Max: 18.99 Min:
MAT 450 :Max: 6.55 Average: 0.62
MI}\TT‘;‘-\SD SMax: B7 Average: 0.58
— 4
mﬁ¥§$ / EAvere 0.56
1 Aﬁgvera 057
MAT300 .
MAT300 7 Amge—n'sa [EH
- -0.06 Average: 0.00
PVC Foam (BDngTr% 3 ~14 @ %1
MAT300 1357 Averode:
MAT300 ;14 58 Am£1
MAT300 [— 2 -14 57 Average: 0.90 SR
n:ﬂgigg | Bott: Max: 20.25 Min: -16.19 Average: 1.00 ‘op: Max: 20.28 Min: -16.17 Average: 1.00
MAT 450 Bott: Max: 20.28 Min: -16.17 Average: 1.00 Top: Max: 20.30 Min: -16.16 Average: 1.00
MAT 450 Bott: Max: 20.30 Min: -16.16 Average: 1.00 Top: Max: 20.33 Min: -16.14 Average: 1.00
MAT 450 Bott: Max: 20.33 Min: -16.14 Average: 1.00 Top: Max: 20.36 Min: -16.12 Average: 1.01
MAT 800 — Bott: Max: 22.62 Min: -17 .92 Average: 1.12 Top: Max: 22,66 Min: -17.89 Average: 1.12
MAT 500 Bott: Max: 22.66 Min: -17 89 Average: 1.12 Top: Max: 22 69 Min: -17.87 Average: 1.13
MAT 800 — Bolt: Max: 22.69 Min: -17 87 Average: 1.12 Top: Max: 22.71 Min: -17.84 Average: 1.13
MAT 500 Bolt: Max: 22.71 Min: -17 84 Average: 1.13 Top: Max: 22.74 Min: -17.81 Average: 1.13
MAT 900 Bott: Max: 22.74 Min: -17 81 Average: 1.13 Top: Max: 22.76 Min: -17.78 Average: 1.14
MAT 900 Bott: Max: 22.76 Min: -17 78 Average: 1.14 Top: Max: 22 77 Min: -17.75 Average: 1.14
MAT 800 Bott: Max: 22.77 Min: -17 .75 Average: 1.14 Top: Max: 2279 Min: -17.72 Average: 1.15
MAT 800 Bolt: Max: 22.79 Min: -17.72 Average: 1.15 Top: Max: 22.80 Min: -17.69 Average: 1.15
MAT 900 Bott: Max: 22.80 Min: -17 69 Average: 1.15 Top: Max: 22.81 Min: -17.65 Average: 1.16
MAT 900 Bott: Max: 22.81 Min: -17 65 Average: 1.16 Top: Max: 22 81 Min: -17.63 Average: 1.16
Ply Stress Analysis (MPa)- Aft fo Fore Ply
Tsai Wu Safety Factor Failure Distribution -Middle Transverse Frame Ply Wise
MAT 900 MTmIez Max: 1000.00 MTnL 4.78 Average: 46.94
MAT 900 Middle: Max: 1000.00 Min: 4.77 Average: 47.25
MAT 900 MTchIeL Max: B61.40 M!n14,76 Average: 46.85
MAT 900 Middle: Max: 704 82 Min: 4.76 Average: 46.53
MAT 900 MTddIeL Max: 668.94 M!n14,75 Average: 46.20
MAT 900 Middle: Max: 664.14 Min: 4.75 Average: 45.94
MAT 900 |— Middle: Max: 659.60 Min: 4.74 Average: 45.73
MAT 900 MTddIe‘. Max: 862.40 M!n‘ .74 Average: 45.58
MAT 900 |— Middle: Max: 647.86 Min: 4.73 Average: 45.45
MAT 800 Middle: Max: 645.49 Min: 4.73 Average: 45.27
Middle: Max: 529.81 Min: 4.72 Average: 44.34
MAT 450 Middle: 411
MAT 450 Middie: 43,93
MAT 450 [— Middle- oY
MAT 450 8
IAT300 [—
MAT300
MAT300
MAT300
MAT300

PVC Foam (EDMkﬁ_Ir%'OB&

HAT360

MATSE Middie:

e i &
T a0 Middle: Max: 671.99 Min: 4.42 Average. 43.86
MAT 900 |— Middle: Max: 844 48 Min: 4.42 Average: 44.41
MAT 900 Middle: Max: 825.70 Min: 4.42 Average: 44.25
MAT 900 |— Middle: Max: 822.31 Min: 4.42 Average: 44.09
MAT 900 Middle: Max: 815.26 Min: 4.42 Average: 43.93
MAT 900 Middle: Max: 799.92 Min: 4.41 Average: 43.75
MAT 900 Middle: Max: 790.32 Min: 4.41 Average: 43.57
MAT 900 Middle: Max: 781.73 Min: 4.41 Average: 43.41
MAT 900 Middle: Max: 761.10 Min: 4.41 Average: 43.21
MAT 900 Middle: Max: 764.41 Min: 4.41 Average: 43.04
MAT 900 Middle: Max: 676.26 Min: 4.42 Average: 42.81
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Figure 156: Model(B)

Ayiov Ervpidovos, Avpdlen 12243

s 210 5385100

Tsai-Wu Safety Factor-From Aft to Fore Ply

: Ply Analysis of Tsai-Wu Failure Safety Factor Distribution of Middle Frame
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o Deck

Boll: Max: 98.14 Min: -40 59 Average: 1.86

MAT 800

MAT 200

Normal Stresses s1 -Deck Ply Wise

Top: Max: 78.53 Min: -25 89 Average: 1.73

Bott: Max: 78.27 Min: -25 .80 Average: 1.73

Top: Max: 64.08 Min: -20.59 Average: 1.569

MAT 800 —

Bolt: Max: 3.91 Min: -20.51 Average: 1.59

Boll: Max: 50.96 Min: -15.49 Average: 1.46

Top: Max: 51.12 Min: -15.56 Average: 1.46

Top: Max: 38.82 Min: -10.73 Average: 1.32

MAT 900

Bolt: Max: 38.66 Min: -10.66 Average: 1.32

Top: Max: 26.92 Min: -8.44 Average: 1.19

MAT 800

MAT 900 [—

Bolt: Max: 26.77 Min: -8.63 Average: 1.19

Bott: Max: 18.74 Min: -10.58 Average: 1.05

MAT 900

Top: Max: 18.60 Min: -10.40 Average: 1.05

Top: Max: 18.53 Min: -14.17 Average: 0.92

Bolt: Max: 18.85 Min: -14 22 Average: 0.92

MAT 900

Top: Max: 23.97 Min: -25.64 Average: 0.78

Bott: Max: 24.00 Min: -25.72 Average: 0.78

Top: Max: 29.66 Min: -38.20 Average: 0.64

MAT 900

Bott: Max: 26.71 Min: -34.78 Average: 0.57

Top: Max: 30.30 Min: -44.12 Average: 0.48

MAT 450
MAT300 —

Bott: Max: 27.21 Min: -39.90 Average: 0.44

Bott: Max: 0.27 Min: -0.23 Average: -0.00

PVC Foam (80 kg m™3)

Top: Max: 29.15 Min: -45.71 Average: 0.38

Top: Max: 0.24 Min: -0.24 Average: -0.00

Bott: Max: 33.49 Min: -22.10 Average: -1.27

MAT 450

Top: Max: 26.26 Min: -18.09 Average: -1.37

Bott: Max: 28.08 Min: -20.11 Average: -1.52

MAT 200

Top: Max: 18.53 Min: -18 64 Average: -1.68

Bott: Max: 18.46 Mi

MAT 900

MAT 900 —

Top: Max: 9.31 Min: -18.43 Average: -1.83

Bott: Max: .27 Min: -18.42 Average: -1.83

Bolt: Max: 7.00 Min: -18.32 Average: -1.98

MAT 800

MAT 200

Top: Max: 7.04 Min: -18.33 Average: -1.98

Top: Max: 5.47 Min: -18.92 Average: -2.13

Bott: Max: 5.48 Min: -18.90 Average: -2.14

Top: Max: 9.64 Min: -26.24 Average: -2.29

MAT 800 (—

Bott: Max: 9.63 Min: -26.34 Average: -2.29

Boli: Max: 15.41 Min: -36.94 Average: -2.44

Top: Max: 15.43 Min: -36.86 Average: -2.44

Top: Max: 21.33 Min: -47 85 Average: -2.59

MAT 900

MAT 800

Bolt: Max: 21.31 Min: -47.92 Average: -2.59

Top: Max: 27.46 Min: -59.19 Average: -2.75

Boli: Max: 27.47 Min: -59.23 Average: -2.75

MAT 900

Top: Max: 34.21 Min: -70.77 Average: -2.90

Ply Stress Analysis (MPa)from Upper Skin to Bottom Skin

Bott: Max: 87.25 Min: -137.28 Average: -2.46

Normal Stresses s2 -Deck Ply Wise

Top: Max: 74.38 Min: -94.41 Average: -2.15

MAT 900

MAT 900

Bott: Max: 74.23 Min: -93.66 Average: -2.15

Top: Max: 62.39 Min: -65.88 Average: -1.84

MAT 900 |—

Bott: Max: 62.24 Min: -65.26 Average: -1.84

Bott: Max: 50.95 Min: -46.02 Average: -1.54

Top: Max: 51.10 Min: -46.56 Average: -1.54

Top: Max: 44.41 Min: -38.33 Average: -1.23

MAT 900

MAT 900

Bott: Max: 44.83 Min: -38.53 Average: -1.23

MAT 900 |—

MAT 900

Top: Max: 53.54 Min: 43.86 Average: -0.93

Bott: Max: 53.73 Min: -44.05 Average: -0.93

Bott: Max: 63.34 Min: -49.69 Average: -0.63

Top: Max: 63.19 Min: -48.51 Average: -0.63

Top: Max: 73.59 Min: -55.40 Average: -0.32

Bott: Max: 73.71 Min: -55.57 Average: -0.33

MAT 900

Top: Max: 84.68 Min: -51.93 Average: -0.02

Bott: Max: 84.79 Min: -62.12 Average: -0.02

Top: Max: 96.86 Min: -69.30 Average: 0.27

MAT 900

Bott: Max: 87.39 Min: -62 95 Average: 0.24

Top: Max: 95.86 Min: -68.03 Average: 043

MAT 450
MAT300 —

Bolt: Max: 86.46 Min: -61.43 Average: 0.39

Bott: Max: 0.35 Min: -0.42 Average: 0.00

Top: Max: 92.84 Min: 65.39 Average: 0.50

Top: Max: 0.25 Min: -0.15 Average: -0.00

PVC Foam (80 kg m™3)
MAT 450

Bott: Max: 45.84 Min: -31.51 Average: -0.63

Top: Max: 37.15 Min: -29.83 Average: -0.48

Bott: Max: 41.19 Min: -32.78 Average: -0.53

Top: Max: 28.12 Min: -30.43 Average: -0.29

MAT 900

MAT 900

Bott: Max: 28.06 Min: -30.37 Average: -0.29

Top: Max: 15.89 Min: -28.28 Average: -0.04

MAT 900 —

Bott: Max: 15.82 Min: -28.21 Average: -0.04

Bott: Max: 21.37 Min: -26 23 Average: 0.20

MAT 900

Top: Max: 21.53 Min: -26.30 Average: 0.20

Top: Max: 3048 Min: -24.41 Average: 0.45

Bott: Max: 30.39 Min: -24 34 Average: 0.45

Top: Max: 40.10 Min: -32.46 Average: 0.70

MAT 800

MAT 900 —

Bott: Max: 39.96 Min: -32.55 Average: 0.70

Bolt: Max: 49.58 Min: -44 29 Average: 0.94

Top: Max: 48.74 Min: -44.21 Average: 0.95

Top: Max: 59.73 Min: -56.20 Average: 1.19

MAT 900

Bott: Max: 59.75 Min: -56 27 Average: 1.19

MAT 900

Top: Max: 71.05 Min: -68.57 Average: 1.44

Bott: Max: 71.06 Min: -68 62 Average: 1.44

MAT 900

Havemeotnpuotmoi
Adgovg Arydieon

Ayiov Emvpidovos, Arpddem 12243
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Top: Max: 8263 Min: -81.46 Average: 168

Ply Stress Analysis (MPa)from Upper Skin to Bottom Skin

Figure 157: Model(B): Ply Analysis of Normal and Shear Stresses Distribution of Deck
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Bott: Max: 53.44 Min:

-44 .11 Average: 0.37
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Shear Stresses s12 -Deck Ply Wise

Top: Max: 40.46 Min: -33.43 Average: 0.34

MAT 200

Bott: Max: 40.46 Min:

-33.43 Average: 0.34

Top: Max: 31.78 Min: -26.08 Average: 0.30

MAT 200

MAT 200 [—

Bott: Max: 31.78 Min:

Bott: Max: 25.06 Min:

-26.08 Average: 0.30

-21.72 Average: 0.26

Top: Max: 25.06 Min: -21.72 Average: 0.26

Top: Max: 21.45 Min: -19.54 Average: 022

MAT 800

Bott: Max: 21.44 Min:

-19.55 Average: 0.22

Top: Max: 19.25 Min: -17.78 Average: 0.19

MAT 800

MAT 200 [—

Bott: Max: 19.24 Min:

Bott: Max: 17.30 Min:

-17.78 Average: 0.19

-16.27 Average: 0.15

Top: Max: 17.30 Min: -16.26 Average: 0.15

Top: Max: 15.56 Min: -14.94 Average: 0.11

MAT 800

Bott: Max: 15.55 Min:

-14.94 Average: 0.11

Top: Max: 14.22 Min: -13.77 Average: 0.07

MAT 900

Bott: Max: 14.23 Min:

-13.78 Average: 0.07

Top: Max: 13.72 Min: -14.52 Average: 0.04

MAT 800

Bott: Max: 12.34 Min:

13.08 Average: 0.03

Top: Max: 13.56 Min: -14.17 Average: 0.01

MAT 450
MAT300 [—

Bott: Max: 12.21 Min:

Bott: Max: 0.05 Min:

-12.75 Average: 0.01

-0.08 Average: -0.00

Top: Max: 13.03 Min: -13.84 Average: -0.01

Top: Max: 0.05 Min: -0.04 Average: -0.00

VC Foam (80 kg m 3}

Bott: Max: 13.14 Min:

-11.16 Average: -0.10

Top: Max: 10.72 Min: -8.87 Average: -0.12

MAT 450

Bolt: Max: 11.91 Min:

-9.86 Average: -0.14

Top: Max: 8.18 Min: -6.32 Average: -0.18

MAT 800

Bott: Max: 8.18 Min:

-6.32 Average: -0.18

Top: Max: 4.49 Min: -4 68 Average: -0.22

MAT 800

MAT 200 [—

Bott: Max: 4.49 Min:

Bott: Max: 2.97 Min:

-4.68 Average: -0.22

-4.20 Average: -0.26

Top: Max: 2.97 Min: -4.20 Average: -0.26

Top: Max: 4.23 Min: -4.05 Average: -0.30

MAT 800

Bott: Max: 4.23 Min:

-4.05 Average: -0.30

Top: Max: 7.60 Min: -6.90 Average: -0.34

MAT 800

MAT 900 [—

Bott: Max: 7.60 Min:

Bott: Max: 11.08 Min:

-6.90 Average: -0.34

-10.49 Average: -0.38

Top: Max: 11.09 Min: -10.49 Average: -0.38

Top: Max: 1462 Min: -14.21 Average: -0.42

MAT 200

Bolt: Max: 14.62 Min:

-14.21 Average: -0.42

Top: Max: 18.20 Min: -17.99 Average: -0.46

MAT 200

Bott: Max: 18.20 Min:

-17.99 Average: -0.46

Top: Max: 21.86 Min: -21.84 Average: -0.50

MAT ann

MAT 800
MAT 900
MAT 800
MAT 900
MAT 800
MAT 800
MAT 900
MAT 800

MAT 900

MAT 450
MAT300

PVC Foam (80 kg m™3)
MAT 450

MAT 900
MAT 900
MAT 900
MAT 900
MAT 900
MAT 900
MAT 900
MAT 900

MAT 900

Havemotnuuoimoin
Adgovg Arydieon

Tsai Wu Safety Factor Failure Distribution -Deck Ply Wise

Middle: Max: 69333 Min: 0.95 Average: 47.16

Middle: Max: 577.49 Min: 1.19 Average: 51.09

Middle: Max: 533.47 Min: 1.51 Average: 54.99

Middle: Max: 548.51 Min: 1.82 Average: 59.26

Middle: Max: 616 46 Min: 2.08 Average: 64.06

Middle: Max: 775.47 Min: 2.37 Average: 69.62

Middle: Max: 997 .91 Min: 2.71 Average: 75.88

Middle: Max: 1000.00 Min: 2.66 Average: 82.28

Middle: Max: 1000.00 Min: 2.62 Average: 87.93

Middle: Max: 1000.00 Min: 2.61 Average: 90.95

Middle: Max: 1000.00 Min: 2.61 Average: 92.06

Middle: Max: 1000.00 Min: 1000.00 Average: 1000.00

Middle: Max: 1000.00 Min: 4.11 Average: 88.08

Middle: Max: 1000.00 Min: 3.92 Average: 85.95

Middle: Max: 1000.00 Min: 3.72 Average: 81.47

Middle: Max: 1000.00 Min: 3.63 Average: 75.75

Middle: Max: 1000.00 Min: 3.57 Average: 69.27

Middle: Max: 973.84 Min: 3.53 Average: 63.45

Middle: Max: 863.35 Min: 3.51 Average: 58.60

Middle: Max: 779.57 Min: 3.48 Average: 54.44

Middle: Max: 713.62 Min: 3.33 Average: 50.75

Middle: Max: 56.85 Min: 3.28 Average: 47.21

Tsai-Wu Safety Factor-From Upper Skin to Bottom Skin

Figure 158: Model(B): Ply Analysis of Tsai-Wu Failure Safety Factor Distribution of Deck

Ayiov Ervpidovos, Avpdlen 12243

s 210 5385100
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Normal Stresses s1 -T Joint Ply Wise

MAT300 C Bott: Max: 87.79 Min: -101.30 Average: 4.20 Top: Max: 48.86 Min: -73.95 Average: 391
MAT300 Bolt: Max: 49.42 Min: -72.30 Average: 3.89 Top: Max: 41.98 Min: -59.24 Average: 3.76
MAT300 Bott: Max: 41.80 Min: -58.45 Average: 3.74 Top: Max: 36.14 Min: -49.97 Average: 3.63
MAT300 — Bott: Max: 35.94 Min: -49 40 Average: 3.62 Top: Max: 31.45 Min: 43.71 Average: 3.53
MAT 450 Bott: Max: 34.80 Min: -44 .88 Average: 3.96 Top: Max: 31.69 Min: -36.22 Average: 3.86
MAT 450 Bott: Max: 31.44 Min: -35.30 Average: 3.84 Top: Max: 28.45 Min: -29.61 Average: 3.76
MAT 450 Bott: Max: 28.20 Min: -28 73 Average: 3.74 Top: Max: 25.27 Min: -24.85 Average: 3 68
MAT 450 Bolt: Max: 25.02 Min: -23 98 Average: 3.66 Top: Max: 22.11 Min: -21.39 Average: 3.60
MAT 450 Bott: Max: 21.88 Min: -20 51 Average: 3.58 Top: Max: 18.95 Min: -18.88 Average: 3.53
MAT 450 |— Bott: Max: 18.73 Min: -17 .98 Average: 3.52 Top: Max: 15.79 Min: -17.10 Average: 346
MAT 450 Bolt: Max: 15.59 Min: -16.19 Average: 3.45 Top: Max: 13.14 Min: -15.93 Average: 3.40
MAT 450 Bott: Max: 13.01 Min: -15.01 Average: 3.40 Top: Max: 12.65 Min: -15.31 Average: 3.35
MAT 450 Bott: Max: 12.58 Min: -14 41 Average: 3.34 Top: Max: 13.59 Min: -15.41 Average: 3.29
MAT 900 Bott: Max: 14.91 Min: -13.65 Average: 3.72 Top: Max: 16.37 Min: -13.34 Average: 3.66
: : 16. in: -13.1 ge: 3. 3 D17 in: -14. age: 3 £
MAT 900 Bott: Max: 16.26 Min: -13.85 Average: 3.66 Top: Max: 17.81 Min: -14.03 Average: 3.59
MAT 800 Bott: Max: 17.72 Min: -14.42 Average: 3.61 Top: Max: 19.30 Min: -14.49 Average: 3.53
MAT 800 Bott: Max: 19.22 Min: -14.75 Average: 3.55 Top: Max: 20.81 Min: -17.74 Average: 347
MAT 900 |— Bott: Max: 20.75 Min: -17 .74 Average: 3.50 Top: Max: 22.36 Min: -22.39 Average: 3.41
MAT 900 Bolt: Max: 22.42 Min: -22 31 Average: 3.45 Top: Max: 24.08 Min: -27.42 Average: 3.35
MAT 900 Bott: Max: 24.30 Min: -27 25 Average: 3.39 Top: Max: 26.05 Min: -32.88 Average: 3.29
MAT 900 Bott: Max: 26.26 Min: -32 62 Average: 3.34 Top: Max: 28.13 Min: -38.54 Average: 3.22
MAT 900 Bott: Max: 28.32 Min: -38 18 Average: 3.29 Top: Max: 30.37 Min: 44 44 Average: 3.15
MAT 900 Bott: Max: 30.54 Min: -43 98 Average: 3.23 Top: Max: 32.84 Min: -50.68 Average: 3.08
MAT 900 Bott: Max: 32.98 Min: -50.08 Average: 3.16 Top: Max: 35.68 Min: -57.04 Average: 2.99
MAT 800 Bott: Max: 35.78 Min: -56.29 Average: 3.09 Top: Max: 43.68 Min: -64.09 Average: 2.90
Ply Stress Analysis (MPa)from Upper Skin o Bottom Skin
Nommal Stresses s2 -T Joint Ply Wise

MAT300 C Bott: Max: 103.69 Min: 47.14 Average: 3.91 Top: Max: 96.83 Min: -29.08 Average: 3.72

MAT300 Bott: Max: 96.41 Min: -29.09 Average: 3.71 Top: Max: 91.27 Min: -27.41 Average: 3 67

MAT300 Bott: Max: 91.30 Min: -27 41 Average: 3.65 Top: Max: 86.83 Min: -25.67 Average: 3.63

MAT300 — Bott: Max: 86.63 Min: -26.60 Average: 3.61 Top: Max: 82.29 Min: -24.11 Average: 3.61

MAT 450 Bott: Max: 91.31 Min: -26.44 Average: 4.04 Top: Max: 84.29 Min: -24.10 Average: 4.06

MAT 450 Bott: Max: 84.05 Min: -24.02 Average: 4.04 Top: Max: 76.82 Min: -22 56 Average: 4.06

MAT 450 |— Bott: Max: 76.59 Min: -22.51 Average: 4.04 Top: Max: 69.40 Min: -23.07 Average: 4.05

MAT 450 Bott: Max: 69.19 Min: -22 20 Average: 4.03 Top: Max: 62.02 Min: -26.78 Average: 4.04

MAT 450 Bott: Max: 61.83 Min: -25.90 Average: 4.02 Top: Max: 54.70 Min: -30.94 Average: 4.02

MAT 450 — Bott: Max: 54.53 Min: -30.04 Average: 4.01 Top: Max: 47.53 Min: -35.48 Average: 3.99

MAT 450 Bott: Max: 47.38 Min: -34 67 Average: 3.98 Top: Max: 40.34 Min: -40.36 Average: 3.95

: - 40. in: -39.¢ 1 3. 3 : 33 in: 45! age: 3.

MAT 450 Bott: Max: 40.21 Min: -39.44 Average: 3.94 Top: Max: 33.15 Min: -45.58 Aver: 3.90

MAT 450 Bott: Max: 33.02 Min: -44 88 Average: 3.90 Top: Max: 29.79 Min: -51.25 Average: 3.84

MAT 900 Bott: Max: 32.93 Min: -53.65 Average: 4.34 Top: Max: 37.64 Min: -62.39 Average: 426

MAT 900 Bott: Max: 37.51 Min: -61.22 Average: 4.26 Top: Max: 42.33 Min: -70.70 Average: 4.15

: - 42, in: -69. 4. ! 3 in: -79.1 age: 4.

MAT 900 Bott: Max: 42.32 Min: -69.53 Average: 4.16 Top: Max: 47.28 Min: -79.63 Aver: 4.01

MAT 200 Bott: Max: 47.34 Min: -78.43 Average: 4.03 Top: Max: 52.38 Min: -89.04 Average: 3 .84

MAT 900 |— Bott: Max: 52.43 Min: -87 .82 Average: 3.87 Top: Max: 57.54 Min: -98.87 Average: 3.64

MAT 800 Bott: Max: 57.58 Min: -97.75 Average: 3.68 Top: Max: 62.78 Min: -109.44 Average: 3.41

MAT 900 Botl: Max: 62.79 Min: -108.58 Average: 3.46 Top: Max: 68.11 Min: -120.82 Average: 3.15

MAT 800 Bott: Max: 68.11 Min: -119.91 Average: 3.20 Top: Max: 73.49 Min: -132.73 Average: 2.84

MAT 900 Bott: Max: 73.49 Min: -131.76 Average: 2.91 Top: Max: 78.91 Min: -145.17 Average: 2.50

MAT 900 Bott: Max: 78.92 Min: -144.15 Average: 2.58 Top: Max: 84.49 Min: -158.14 Average: 2.11

MAT 900 Bott: Max: 84.55 Min: -157.07 Average: 2.20 Top: Max: 91.67 Min: -172.93 Average: 1.68

MAT 900 Bott: Max: 81.78 Min: -172.07 Average: 1.77 Top: Max: 100.18 Min: -190.94 Average: 1.18

Havemeotnpuotmoi
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Ayiov Ervpidovos, Avpdlen 12243

s 210 5385100

Ply Stress Analysis (MPa)from Upper Skin to Bottom Skin

Figure 159: Model(B): Ply Analysis of Normal and Shear Stresses Distribution of T-Joint

167



MAT300
MAT300
MAT300
MAT300

MAT 450
MAT 450
MAT 450
MAT 450
MAT 450
MAT 450
MAT 450
MAT 450
MAT 450

MAT 900

MAT 900

MAT 900

MAT 800

MAT 800

MAT 900

MAT 800

MAT 800

MAT 900

MAT 900

MAT 900

MAT 900

MAT300
MAT300
MAT300
MAT300

MAT 450
MAT 450
MAT 450
MAT 450
MAT 450
MAT 450
MAT 450
MAT 450
MAT 450

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

MAT 900

\O AYry,
\"‘* *"l
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Shear Stresses s12 -T Joint Ply Wise

Bolt: Max: 119.35 Min: -119 .50 Average: -0.00

Top: Max: 95.93 Min: -95.65 Average: -0.00

Bott: Max: 95.93 Min: -95.65 Average: -0.00 Top: Max: 77.29 Min: -76.68 Average: -0.00
Bott: Max: 77.29 Min: -76.68 Average: -0.00 Top: Max: 62.33 Min: -61.48 Average: -0.00
[ Bott: Max: 62.33 Min: -61.48 Average: -0.00 Top: Max: 50.20 Min: -49.16 Average: -0.01
Bott: Max: 55.78 Min: -54.63 Average: -0.01 Top: Max: 41.97 Min: -40.69 Average: -0.01
Bott: Max: 41.97 Min: -40.69 Average: -0.01 Top: Max: 31.93 Min: -30.62 Average: -0.02
[ Bott: Max: 31.93 Min: -30.62 Average: -0.02 Top: Max: 24.53 Min: -23.27 Average: -0.03
Bott: Max: 24.53 Min: -23.27 Average: -0.03 Top: Max: 18.99 Min: -17.99 Average: -0.04
Bott: Max: 18.99 Min: -17.99 Average: -0.04 Top: Max: 14.79 Min: -13.98 Average: -0.05
[ Bott: Max: 14.79 Min: -13.98 Average: -0.05 Top: Max: 12.09 Min: -12.90 Average: -0.08
Bott: Max: 12.09 Min: -12.90 Average: -0.06 Top: Max: 11.59 Min: -12.16 Average: -0.07
Bott: Max: 11.58 Min: -12.16 Average: -0.07 Top: Max: 11.31 Min: -11.71 Average: -0.08
Bott: Max: 11.31 Min: -11.71 Average: -0.08 Top: Max: 11.02 Min: -11.26 Average: -0.09
Bott: Max: 12.25 Min: -12.52 Average: -0.10 Top: Max: 12.21 Min: -12.26 Average: -0.12
Bott: Max: 12.21 Min: -12.26 Average: -0.12 Top: Max: 12.89 Min: -12.80 Average: -0.14
Bott: Max: 12.89 Min: -12.80 Average: -0.14 Top: Max: 13.75 Min: -13.57 Average: -0.18
Boft: Max: 13.75 Min: -13.57 Average: -0.16 Top: Max: 14.63 Min: -14.37 Average: -0.18
L Bott: Max: 14.63 Min: -14.37 Average: -0.18 Top: Max: 15.55 Min: -15.19 Average: -0.20
Bott: Max: 15.55 Min: -15.19 Average: -0.20 Top: Max: 16.52 Min: -16.05 Average: -0.22
Bott: Max: 16.52 Min: -16.05 Average: -0.22 Top: Max: 17.63 Min: -16.96 Average: -0.24
Bott: Max: 17.63 Min: -16.96 Average: -0.24 Top: Max: 18.83 Min: -17.93 Average: -0.27
Bott: Max: 18.83 Min: -17.93 Average: -0.27 Top: Max: 20.11 Min: -19.04 Average: -0.29
Bott: Max: 20.11 Min: -19.04 Average: -0.29 Top: Max: 22.57 Min: -21.96 Average: -0.31
Bott: Max: 22.57 Min: -21.96 Average: -0.31 Top: Max: 25.44 Min: -25.21 Average: -0.33
Bott: Max: 25.44 Min: -25.21 Average: -0.33 Top: Max: 29.12 Min: -28.80 Average: -0.36

Ply Stress Analysis (MPa)from Upper Skin to Bottom Skin

Tsai Wu Safety Factor Failure Distribution -Deck Ply Wise

Middle: Max: 178.85 Min: 1.07 Average: 36.22

Middle: Max: 178.87 Min: 1.28 Average: 37.62

Middle: Max: 180.57 Min: 1.51 Average: 38.73

Middle: Max: 180.95 Min: 1.77 Average: 39.73
Middle: Max: 136.59 Min: 1.63 Average: 30.63

Middle: Max: 153.18 Min: 2.01 Average: 31.79

Middle: Max: 177.26 Min: 2.42 Average: 33.03
Middle: Max: 205.91 Min: 2 86 Average: 34.34

Middle: Max: 239.57 Min: 3.02 Average: 35.76

Middle: Max: 278.06 Min: 3.17 Average: 37.36
Middle: Max: 319.72 Min: 3.30 Average: 39.17

Middle: Max: 361.71 Min: 3.42 Average: 41.17

Middle: Max: 397.38 Min: 3.52 Average: 43.35

Middle: Max: 28082 Min: 2.43 Average: 30.87

Middle: Max: 285.10 Min: 2.50 Average: 33.33

Middle: Max: 275.53 Min: 2.52 Average: 35.92

Middle: Max: 288 .63 Min: 2 57 Average: 38.96

Middle: Max: 314.92 Min: 2.65 Average: 42.81

Middle: Max: 380.15 Min: 2.76 Average: 47.12

Middle: Max: 469.21 Min: 2.75 Average: 51.11

Middle: Max: 584.75 Min: 2.68 Average: 54.03

Middle: Max: 675.55 Min: 2. 59 Average: 55.38

Middle: Max: 556288 Min: 2.48 Average: 55.61

Middle: Max: §49.12 Min: 2.33 Average: 55.18

Middle: Max: 720.86 Min: 2.14 Average: 53.63

Tsai-Wu Safety Factor-From Upper Skin to Bottom Skin

Figure 160: Model(B): Ply Analysis of Tsai-Wu Failure Safety Factor Distribution of T-Joint
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