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EFFECTS OF VARYING STRAIN-RATE ON THE BEHAVIOUR OF FRP
YACHT HULL STRUCTURE UNDER SLAM LOAD CONDITIONS

by Corrado Labriola

The recent progress of the performance of sailing yachts has been driven by the
continuing use and development of lightweight sandwich structures made of
polymeric composite materials. So far the structural design of sailing yachts has
relied on static or quasi-static approaches which usually lead to conservative
design. Sailing yachts undergo several diverse dynamic loads in a seaway. Rigs
and rigging, deck and hull have to be designed to withstand local and distributed
loads whose entity is always difficult to determine. In this respect, the phenomenon
of slamming, namely the impact of the hull bottom against the water surface in a
rough sea, and its effects on the structure represent a crucial issue.

This implies that when structural optimisation is required it is necessary to better
define the external loads and the strain-rate properties of the material utilized.

With this in mind, this thesis explores the dynamic response of a FRP (fibre
reinforced plastics) sandwich hull panel subject to slam loads.

This is achieved initially by investigating experimentally the dynamic properties of
FRP under rates of strain typically experienced by sailing yacht structures. A
systematic methodology is then proposed to describe the strain-rate behaviour of
the material by LS-DYNA explicit finite element code. This methodology is
subsequently applied to examine the response of a hull panel to a slam load.

It is shown that the ALE (Arbitrary Lagrangian-Eulerian) method, within LS-
DYNA code, is suitable to model the fluid-structure interaction slam problem and
to assess the relative entity of the load to be used in the panel analysis.

A static finite element analysis of the panel is also carried out based on standard
design rules. Results are compared with the dynamic approach presented and the
conservativeness of the static method is underpinned.

Developing the knowledge of both the dynamic properties of the materials and the
use of tools such as explicit finite element codes is shown to be a valid approach to

optimise the design of sailing structures under slam load.
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Chapter 1

1 Introduction

1.1 Motivation

This thesis explores the dructural response of a sailing-yacht sandwich hull panel
subject to dam loads, namely those loads generated during the impact of the hull
bottom against the water surface in a rough sea (figure 1-1), by means of a strain
rate approach. In other words, stresses and deformations are evaluated considering

their dependence on the velocity at which materials strain.

Figure: 1-1 Racing Boat made of FRP undergoing slamming

The motivation comes from the formidable progress of the performance of sailing-
yachts, owing to new possibilities opened by the use of polymeric composite
materials. Better understanding of the mechanical phenomena and new tools such
as finite element analysis have contributed to this development. Accurate
predictions of dynamic loads and structural response are the challenge designers
have to face in their daily jobs. In this respect, the phenomenon of slamming and
its effects on the structure represent a crucial issue. So far, this problem has been

treated by empirical approaches which usually lead to conservative design.

Recently, the belief that minor structural failures initiated by slamming loads are
common has stimulated researchers to look into the phenomena more accurately
(Manganelli et al., 2003; Le Sourne et a., 2003; Ojeda et al., 2004; Sebastiani et
a., 2001; Thomas et d., 2001; Hentinen and Holm, 1994).
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The aim of this research is to promote the knowledge of the dynamic response of

cored hull structures undergoing slamming.

A sandwich pand is one made of two stiff strong skins, usually FRP (fibre-
reinforced plastics) in marine applications, separated by a lightweight core
material, usualy polymeric foam or cellular materials. It is well established that
the dynamic properties of the constituent materials of a sandwich panel can equally
play a significant role with respect to the general response of the panel, at certain
rates of deformation (Vinson, 1999). Consequently, the dynamic properties of both
core and skins have to be known in order to perform a strain-rate analysis.
However, polymeric foams do not show significant strain-rate sensitivity in the
strain-rate ranges concerned with boats applications (Mahfuz et al., 2000; Saha et
al., 2005; Zhao, 1997). This suggests that more attention has to be pad in
investigating the dynamic properties of the composite skins when studying the

response of sandwich structures where such cores are used.

In the past decades, composites have become among the most preferred materials
in design where a combination of lightness and strength is required. Unlike other
materials, the properties of composites can be designed according to the
application This can be achieved by atering variables such as volume fraction of
each component, lay-up sequence, shape of the reinforcing and manufacturing
procedure. As aresult, the unigueness of the material propertiesis obtained. Hence
the overall behaviour of each composite material depends on several factors and
this entails a very difficult task in determining and interpreting their properties.

The task becomes even harder when the dynamic properties are sought.

The aeronautical, naval and automotive industries progressin designing ever more
sophisticated composite structures has generated a great deal of interest in
understanding the dynamic properties of composite materials. In order to meet the
requirements of these industries, several research works have been carried out on
diverse composite naterials, mainly at high-strain rate. Due to the complexity of
the phenomena involved and the diversty of variables concerned with these
materials, the results obtained are few and uncertain. Besides, very little

experimental data are available on composite materials at low-medium strain-rate
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ranges typical of boats applications (0-80s™) (Riber, 1997). This makes the strain-
rate behaviour of composite materials a relatively unexplored area and a

challenging task for designers.

As stated before, the ultimate goal of this work is to assess the structural response
of a sailing-yacht sandwich hull panel subject to slam loads. Both the knowledge
of the dynamic properties of the materials and the characterization of the slam

loads are required for this purpose.

It has been established that the influence of the dynamic properties of the skin
material plays a key role on the response of sandwich panels to slam phenomena.
With this in mind, the first step of this thesis is to investigate experimentally the
strain-rate behaviour of E-glass/epoxy, a widely adopted FRP material in marine

sandwich constructions.

E-glass/epoxy is one of the most used materials in the boat industry where a
compromise between costs and performances is required. With this in mind, a
theoretical study is conducted on an E-glass/epoxy sandwich panel using the DK46
sailing-yacht as a case study. A novel experimental approach to investigate E-
glass/epoxy dynamic properties is conducted and data are presented in the strain-
rate range of interes which has not been previoudly investigated.

Subsequently, numerical modelling of the experiments is proposed to establish a
systematic methodology aimed at describing the strain-rate behaviour of E-
glass/epoxy material. Once the modelling has been demorstrated to be valid, the
same methodology is applied to the investigation of more general problems where
the same type of material is deployed, in particular, the behaviour of the skins of

the panel under examination.

Slam loads depend on a multitude of factors related to the boat dimensions,
performance, and sea conditions, which make it practically impossible to identify
two similar lamming events. A numerical modelling approach is used to evaluate
dam loads by means of a fluid-structure interaction simulation. The time-pressure
distribution on the area of the hull subject to the impact is obtained and it is then
applied in the strain-rate based analysis of the sandwich panel.
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In chapter two, a review on the dam loads dynamics of sailing yachts hulls is
presented and discussed. The past and present approaches used to assess am loads
on sailing yachts are examined, and the issues involved in evauating the loads are
highlighted. Chapter three presents areview of the latest development in strain-rate

in composite materials.

Table 1 shows the most investigated composite materials and the relative strain-
rate range concerned with each application. The highlighted area in table 1 shows
the materia glass-epoxy and the strain-rate range (0-80s') rdative to the
applications of interest in this research. It aso shows a lack of data between 40s*

and 80s* which is examined in this research.
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Table 1-1: Strain-Rateinvestigation of Composite Structures

Structural
Applications

Aeronautical (object
impact), Marine,
military applications
(blast waves)

Automotive

(crash worthiness)

Marine, fast power boats
,ocean sailing yachts
(slamming)

Strain rate ranges

concerned up to 1000 up to 500 upto 80
[s™]
Materials
investigated
coveredupto 40 s,
Glass/epoxy covered covered 1
lack of data40-80s
covered upto 40 s,
Carbon/epoxy covered covered
lack of data40-80s™
covered upto 40 s,
Kevlar/epoxy covered covered

lack of data40-80s*
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2 Critical Review on the Slam L oads Dynamics of Sailing
YachtsHull

2.1 Introduction

The following review presents the current state of the art in the slam loads
dynamics of a sailing-yacht hull. Previous studies have focused on static
consideration on the materials properties and on experimental evaluation of the

damming loads.

Up to now, yacht structures have been designed according to empirical rules,
coming from the experience and static considerations, which accounted for the
dynamic effects by considering coefficients of ignorance (Hobbs and McEwen
2002). Thisis mainly because of costs-benefits assessments which suggested that a
conservative design is more convenient than an analytical one (Curry, 1987;
Marchant, 1994; Larsson and Eliasson 2000). The different classing societies have
formulated scantling rules to be followed. The most accredited standards are
provided by ABS which proposes a specific guide for Ocean Racing Y achts (ORY,
1994).

For pleasure boats, a new SO Standard is being developed that will replace the
standards for boats below 24 m in length. It is largely based on ABS standards, the
ORY 1994 and the High Speed Craft Guide (HSC, 1997) together with NBS-VTT
extended rule, 1997.

A saling yacht undergoes several diverse dynamic loads in a seaway. Rigs and
rigging, deck and hull have to be designed to withstand local and distributed |oads
whose entity is always difficult to determine. This is especially the case for the
loads on the hull due to slamming effects which lead to significant strain-rates in
the hull if compared to other structural components of the yacht. As a consequence,
the design of the hull becomes a critical issue. Few examples of damages have
been reported in the literature due to damming. It is also true that most of the
existing yachts are cruisingyachts, which statistically are unlikely to encounter
rough sea in their life time and moreover their structures are designed adopting

high safety factors. Most of failures reported regarded racing-yachts, for example
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Boomerang VII 42 ft, and were concerned mainly with composite sandwich
structures. The failure happens as a delamination initiation and propagation along
the damming area as shown in figure 2-1. Consequences can be dramatic
irrespective of where the failure happens, e.g. in the middle of an ocean race miles

away from the coast.

Figure 2-1: Delamination initiation due to slamming in a 42 ft racing sailing
yacht. Source: Larson and Eliasson, 2000

The formidable progress of the performance of sailing yachts has highlighted the
need of designing lighter yet still reliable structures. Better understanding of the
mechanical phenomena, the material properties and new tools such as finite
element analysis, have contributed to this development. Accurate predictions of
dynamic loads and structural response are the challenge designers have to face in
their jobs. In this respect, the phenomenon of slamming and its effects on the
structure represent a crucial issue. This motivated researchers to look into the
phenomena more accurately. However, there remains much more research to be
donein this field.

2.2 Structural and Design Considerations

Fibre-reinforced plastic (FRP) composites are the most commonly used building
materials for sailing yachts and high speed light craft hulls. Thisis mainly because
of the high strength to weight ratio of the material, which is ideal for construction
of ship hulls and makes it a cost efficient material. Besides FRP are corrosion

resistant and have a low maintenance cost.

A structural hull design is primarily based on the knowledge of the ultimate load
conditions the particular vessel will encounter during its life time. The
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dimensioning loads for the hull of fast sailing yachts are mainly impact loads due
to vertical acceleration of the hull penetrating the water surface, i.e. amming.
From these design loads the preliminary hull layout can begin and each structural
member can be dimensioned. The approach to the structural design of sailing
yachts relies somewhat traditionally on static or quas-static consideration

regarding loading aspects.

This is primarily due to the difficulties concerning the determination of the
dynamic loads involved and the lack of knowledge on the dynamic properties of
the materials adopted, especialy if the latter are composites. Therefore designers

have always dimensioned their structures according to empirical assessments.

The state of the art of sailing yacht structures design can be found in Larsson and
Eliasson, 2000 and Claughton et al., 1998. In chapter 11 of the Claughton et al.,
1998 Belgrano and McFarlan, designers at SP technologies and one of the most
advanced companies on the market with regard to yacht design and manufacturing,
describe the key aspects involved in design. In their structural analysis they use the
pressure suggested by the ABS (American Bureau of Shipping) guide 1994 but
rather than using the flexural properties coming from the smplistic rule of mixture
approach adopted in classification guides, they use the ones obtained by means of
an inhouse made panel laminate code. They aso made the following
considerations about core material issues with regard to sandwich structures
design. They formulated a core shear strength database of about fifty crafts ranging
in overall length from 6.6-45m, which included designs that either failed in core or
which were proven to be safe. Subsequently, a program was created to account for
the previous information on materials and geometry and the specifications of the
new boat to be designed. This program gives a dimensionless constant F to be
utilized for the current design. It can be seen that for a matter of costs and time a
smplistic empirical approach is preferred to an optimization by means of

experimental and fem technique which account for strain-rate effects.

As a consequence, these considerations lead to conservative designs which often
result in heavier and more expensive structures. These reasons have encouraged

researchers in looking into the dynamics of the phenomena involved in slamming
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both from the fluid-structure interaction and the structure response point of view.
Most previous works aimed at determining the loads acting on ships structures and

fast motor crafts while very little has beendone on sailing yachts.
2.3 Investigation of Slamming L oads

As stated before, samming loads are crucia loads to be considered in
dimensioning boats' structures. These are modelled by pressure over the hull. More
precisely the slamming pressure represents an irregular load acting on the hull of
fast salling yachts, which is due to the impact of the bottom of the hull against the
water surface. As aresult a sudden change of the relative acceleration of the boat is
caused. Typically, as the forward sections of the boat strike the water surface, the
hull panels in the samming area are affected by a highly noruniform pressure
distribution with peak values that can reach a thousand times the order of
magnitude of the hydrostatic pressure. These peaks only act on a very limited area
(smaller than the average panel size) and for a very short time period (less 50 ms).
In designing FRP hull panels, the slamming pressure is generally the dimensioning
load. This is why in the past decades many efforts have been made in order to

better understand the phenomenon and achieve advances in design.

2.3.1 Experimental approaches

A simple way to model a hull slamming pressure is to consider the problem of a
wedge penetrating a liquid surface. Severa two dimensional analyses of this type
have been published. Pioneering works have been made by von Karman 1929
while investigating the impact of seaplane floats during landing. He presented a
simple solution to the impact problem based on the conservation of the momentum.
In his theory, a wedge-shaped body of mass M and of a dead-rise angle ? strikes a
horizontal surface of water with the velocity U, and generates a two-dimensional

flow (figure 2-2). The maximum pressure is found at the moment of first contact
and givenby p,, = (r U2 /2)>p xcoty . The wedge is considered to be rigid and to

enter the liquid with a velocity normal to the liquid surface. Neither hull flexibility

nor forward speed is taken into account.
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i

Wy

F

Figure 2-2: Wedge shaped body for slamming analysis approach by von Karman,
1929

A later contribution by Allen and Jones, 1978 proposed a simplified method for
determining structural design limit pressures on fast crafts by assessing the
momentary pressure distribution over a planning hull in head sea. This method is
based on extensive full-scale trials conducted on 65-ft and 95-ft slender planning
V-shaped hull and on large scale structural models in the laboratory. The hull is
subjected to highest pressure in the region where the combined effects of incident
velocity and relative geometry is worst (figure 2-3).

10 P8I | 20 PSI
PSI

wf%:‘:z)-?

Figure 2-3: Example of momentary pressure distribution on a planning hull
according to Allen and Jones, 1978

Savitsky, 1964 synthesised large amounts of experimental data on planning craft in
cam water into design formulas for prediction of lift, running attitude, resistance
and stability. He also derived semi-empirical equations for prediction of impact

acceleration of planning craft on waves.

Based on the approaches followed by the pioneers of samming investigations,
several works have been proposed in the literature aimed at determining the loads
acting on the hull of ships and fast motor boats. Hagiwara and Yuhara, 1976
investigated the characteristics of wave impact pressure acting on the bows of very
large ships and their structural response by means of drop tests on three-
dimensional semi-cylindrical 1/3 scale bow models. From the results, they

10
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concluded that the maximum impact pressure as measured on the model plating
was not distributed uniformly and simultaneously and was not considered to
directly contribute to the structural response of the plating. Many agree that since
the time duration of the phenomenon is very short, it can be argued that the peak
pressures have little importance for the overal panel response. For design
purposes, it is therefore convenient to average the pressure over a period of time
and a given area in order to ease the correlation between samming and strain
response, in other words to represent these loads by an equivalent static pressure
uniformly distributed over the panel. When the duration of the pressure pulse is
considerably longer than the natural periods of the panel, this pressure can ssimply
be taken as the spatial average of the real hydrodynamic load. Accordingly, they
defined an equivalent static pressure as Peg, Which was converted from the
maximum transient strain of the panel into uniformly distributed static pressure. In

the severest conditions, the magnitude of Peq was of the order of one third of Pmax.

A more recent work on slamming has been produced by Vredeveldt at d., 2001.
Their approach consisted of considering a slam as an impact introducing vibrations
in the ship structure. The response of a shell subjected to a slam can be described
by a set of natural vibrations modes. They showed that the natural frequencies
yield a base for damage prediction. In light of these considerations they
instrumented a model with an appropriately designed transducer to measure the
impact loads.

As can be inferred, for obvious economic reasons dictated by industries needs,
most of research works have been focused on large ships. Only recently, the
formidable progress of the performance of sailing yachts has stimulated the interest
of some researchers in investigating slamming in the sailing boats field. A very
interesting and unique research work has been presented by Manganelli et al.,
2001. They instrumented a 1/7" model of an Open 60 class boat with slam patches
in order to measure the hydrodynamic forces acting on the hull as a result of
samming loads (figure 2-4). Mangandlli et a., 2001 took into account the forward
speed of the yacht as well as the influence of the heel angle by testing different
configurations, reproducing in this way a realistic samming of the yacht sailing

upwind. This particular measurement technique provided an evauation of

11
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equivalent “static” loads for a specific sailing yacht, but offered a valid reference
for qualitative consideration applied to similar yachts. The following figure shows
the crucial areas where dlamming has its effects on a sailing boat and where the

patches have consequently been placed.
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Figure 2-4: Model instrumented with patches for pressure measurement by
Manganelli et al., 2001

Hentinen and Holm, 1994 conducted load measurements due to slamming on a
9.4m sailing yacht. They stated that lamming loads are independent on the hull
structure but dependent on the hull geometry. According to their results they
found that the measured slamming pressures exceeded the design pressures that are
normally used. However, this does not seem to damage the majority of the existing
structures, since these are built by use of very conservative safety factors. Another
reason why this is so can be found in the non linear response of the hull panels
when these are made of single skin FRP. As a matter of fact, most of the stresses
and deflections of hull panels are usually calculated with linear theories. In fact,
the bending behaviour of FRP is characterized by remarkable geometric
nonlinearities due to the large panel’s size and relatively low stiffness of the plate
thickness. This is especially so for structures designed br the maximum stress
rather than for the maximum deflection. In this paper Hentinen and Holm, 1994
pointed out the need to investigate both slam loads and structural response more

accurately in order to improve the current scantling rules.

12
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2.3.2 Numerical Approaches

Most experimental works have not been confirmed by numerical smulation due to
the lack of suitable tools. Recently, advances have been made by Souli, 2001 and
Le Sourne et a., 2003 in the simulation of slamming loads by means of finite
element method figure 25. They managed to accurately simulate experimental
drop testson a scded modd of a ship through a numerical code which accounted
for the dynamic interaction fluid structures. For this purpose, the ALE method
(arbitrary Lagrangian-Eulerian) within LS-DYNA explicit finite element code was
used. The feature of this method is to adopt two mesh types in the analysis. The
Lagrangian mesh, associated with the typical finite element analysis, is used to
model the material impacting the fluid. This mesh deforms as it responds to the
loading and the boundary conditions in the analysis. The Eulerian mesh is used to
model the fluids (water and air), and remains fixed throughout the analysis tracking

material as it moves through the mesh.

Olovsson and Souli, 2000, 2001 worked on the development of a new ALE
algorithm to be implemented in LS-DYNA which allowed very accurate dam load
predictiors to be perfrormed. They validated this method by simulating the
experimental drop test of a V-shaped cylinder conducted by Zhao et a., 1997. The
numerical force-time plots comparison confirmed the accuracy and reliability of
the method.

Figure 2-5: F.e.m. Ship Samming Smulation by Le Sourne et al., 2003

13
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Cappello and Mancuso, 2001 conducted an interesting research work on the
optimization of the lay-up for the hull of a racing sailing yacht (figure 2-6). They
performed an FE structural analysis in three different sailing configurations with
the aim of obtaining the fibre directions that allow the minimization of the yacht
deformability due to the slam effects. This study did not consider either the
dynamic loads coming from typical slamming pressures or the dependence of the

mechanical properties on the strain-rate.

Figure 2-6: Finite element mesh of the hull by Cappello and Mancuso, 2001

Ojeda et al., 2004 carried out a finite element investigation on the response of a
composite catamaran under slamming loads (figure 2-7). They investigate the
response of the structure to quas-static slamming loads according to “Det Norske
Veritas High Speed and Light Craft” crest landing and hollow landing rules. In
addition, they carried out an optimisation study for the structural response by
changing the ply orientation in the vessal. The whole study was conducted using a
static linear approach which cannot be satisfactory when an optimisation of the

strength and weight of the structure is required.

Figure 2-7: Load application in the f.e.m. model Ojeda et al., 2004

14
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All the research works reviewed so far aim mainly at determining the loads acting
on hulls undergoing damming. Few investigations of the hull structural response
have been conducted and most of them are concerned with metal structures.

Besides, none of them are based on a strain-rate analysis approach.

2.4 Dynamic Response of Sandwich plates

The concept of sandwich construction for boat structures and other marine
applications is not new. As known, a sandwich panel is one made of two stiff
strong skins separated by a lightweight core material. The primary advantage of
using the sandwich concept in a FRP hull instead of a stiffened single-skin
structure is the built-in flexural stiffness of the sandwich, which makes the stiffener
system unnecessary. The bending and the in-plane stresses are mainly carried by
the faces, whereas the shear stresses are taken by the core (Zenkert, 1995).

Stresses and deflections of hull panels are usually calculated with linear theories.
In fact, the bending behaviour of FRP hull panels can be characterized by
remarkable geometric nonlinearities depending on the size of the pand.
Pronounced lateral deflections introduce in-plane displacements and membrane
strains in the faces, as well as shear deformation in the core. Thus, the classical
Kirchhoff plate theory is not sufficient to describe this kind of response. Severdl
researchers attempted to develop nonlinear calculation methods to describe the
response of hull panels, to be consequently used in hull design.

A recent work by Riber, 1997 outlines a geometrical nonlinear theory based on the
classical sandwich plate theory expanded by the higher-order terms in the strain
displacement relations, including shear deformation. By use of the principle of
minimum potential energy, Riber, 1997 derived two different analytical solutions
for the simply supported and the clamped cases. The solutions were then presented
as simple design formulae.

Another key advantage of sandwich structures is their shock resistance capacity.
This is particularly of interest to the navy and many other applications, such as the
aerospace, automotive and sporting industries. Structures in these applications are
often subjected to high strainrates due to impact by hard objects, mine blast,

projectile impact, collision, etc.

15
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Many research projects have been funded mainly by the defence industry in order
to explore the behaviour of sandwich structures at a high rate of strain. The
approach followed by severa researchers is to investigate at first the strain-rate
response of the constituent materials separately and subsequently of the whole
sandwich assembly (Mahfuz et a., 2002, 2006; Saha et a., 2005; Chacravarty et
d., 2004). Between the two constituents, the core material is believed to play a
more crucid role, in high strain-rate applications, especially those concerned with
shock loads. As a consequence, more attention is paid in analyzing the core
materia rather than the skins.

The core materials tested, which are also deployed in the leisure boat industry, are
usually polymeric foams, such as PVC (polyvinyl chloride), PUR (polyurethane)
and cellular material such as end-grain balsa wood. Polymeric foams were found to
be strain-rate sensitive with their elastic region and ultimate strength to failure
recording up to a 30% improvement at 1300 s'. Their elastic modulus was not
affected by the strain-rate (Mahfuz et a., 2000, 2006; Saha et al., 2005; Zhao,
1997; Walley et a., 1991) (figure 28). For balsa wood, it was noticed that the
ultimate strength improved with the strain-rate and the improvement grew as the
density increased (Vura and Ravichandran 2003).
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Figure 2-8: Srain-rate response of PVC foam (130 kg/m3) by Mahfuz et al., 2001
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25 Summary

Generadly, most research works regarding slamming focus on the investigation of
the loads acting on the hull rather than with their structural response. Furthermore
the works investigating the structural response of hull panels often follow a static
approach and when a dynamic approach is considered, the materias strain-rate
dependence is neglected. In addition, very little attention has been paid to sailing-
yachts made of FRP. Strain-rate studies on sandwich structures and their core have
usualy been based on high strain-rate applications where more weight is given to
the influence of the core. Data on the dynamic properties of composites are limited
or not available especially at low-medium strain rates. This is the case for E-
glass/epoxy composite material, which is commonly deployed in boat hulls, and it
is the material of interest for the case study discussed in this thesis. Table 21
summarises the works conducted on slamming so far, underpinning the lack of

studies led by considering strain-rate effects.

This chapter establishes that for the study of the dynamic response of a sandwich
hull panel under damming loads, the strain-rate properties of the face material are
needed. The next chapter of this thesis reviews the progress made in the

investigation of the dynamic properties of composite materials.
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Table 2-1: Works Conducted on Samming

Works Conducted on HSC (High Speed Craft)

Author Loads Structural Strain- Material
Identification Response Rate Investigated
approach
Hagiwara Exp. Model drop Experimental Steel
& Yuhara 1976 tests Strain no
measurements
Sebastiani et al ., Exp. Model drop Experimental and Steel
tests theoretical no
2001 investigation
Ojeda et al., 2004 Static FEA Composite (no
no investigation. no strain-rate
Loads applied approach).
from the standards
Olovsson and FSI numerical Steel
Souli, 2001; Le simulation no no
Sour ne, 2003
Thomas et al ., Exp. full scale Experimental and Aluminium
no
2001 slam FEA
Works Conducted on Sailing Y achts
Author L oads Structural Strain- Material
I dentification Response Rate I nvestigated
approach
Hentinen and Exp. Measurement Experimental Composite
Holm, 1994 of loads on full measurement no
scae
Ward, 1985 Dynamic stresses Composite
assessed by use of
no an unsteady model no
of apressure
loading traveling
across a beam
Manganelli et al., Exp. Composite
2001 M easurements of
loads on a 1/7" no no
scale open 60
model.
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3 Literature Review on Strain-Rate in Composite
Materials

3.1 Introduction

Generally, it is accepted that the dynamic mechanical behaviour of many materials
depends on the dtrain-rate. This is especially so for composite materials with
polymeric matrices. However, the constitutive equations for composite materials
under dynamic loading are not easily obtained and the mechanical properties must

be determined experimentally over awide range of strain-rates.

Much of the research in strain-rate behaviour in materias relates primarily to the
dynamic behaviour of metals. Some of the early studiesin strain-rate behaviour for
metals date back to the turn of the century and include the measurement of
transient impulsive stresses by Hopkinson (Meyers et al., 1990). The study of the
behaviour of composite materials at impact strain-rates is still relatively new and
reliable data on strain-rate effects is very scarce (Hamouda and Hashmi, 1998).
Although the problem of obtaining reliable data is accentuated by difficulties
encountered in the design and conduct of impact tests on composites, the
increasing importance and use of composites in commercial and military
applications ensures continued interest in overcoming such problems. Several
experimenta studies investigating the response of composite materials at impact
strain-rates have been recently reported, and are reviewed and discussed in the

following paragraphs.

3.2 Experimental Standardsand Procedure

Unlike static tests in strain-rate testing severa factors have to be considered due to
the dynamics of the phenomena involved. As a consequence of the impact loads
applied to test materials at high rate of strains, stress waves are generated and
travel back and pbrth through the material. These waves cause a time dependert
stress and dstrain rate distribution which vary from section to section of the
material under investigation (Clements et al., 1996). Factors that influence the

behaviour include the geometry of the specimen, the type of test machine and
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hence how the load is transferred, and other factors related with the general set-up
of the experiment that are discussed in more detail in chapter 5. It can be said that
the experimental method chosen to determine the mechanical properties of
materials is dictated by the strain-rate range concerned and the load case. It is
therefore not easy to optimise and standardise the experimental procedure, since
the general set-up and arrangements of the test might be a complicate function of
the particular results needed. This is why many researchers preferred to devise
tailor made testing set-up in order to get the kest results from the experiment.
ASTM suggests some general rulesto be followed, aimed to ease the comparison

between different works.
3.2.1 Research worksled according to Standards

Few works have been done according to the standard rules. Among these, Okoli
and Ainullotfi, 2002 carried out tensile tests by use of a servo- hydraulic machine to
investigate the properties of glass/epoxy fabrics. As a matter of fact their
experiments were led at low strain, with the purpose in mind to infer the properties
a high strain rate by extrapolating the data obtained with those coming from
intermediate strain-rate tests from other works. As long as the testing is performed
a low rates d srain, it may be convenient to follow the standards advised by
ASTM. This is because a low strain-rates, the dynamic effects do not play a
predominant role and the strain-rate distribution is likely to be constant along the
specimen length making the neasurement easier. The advantages may be found

also in an easier comparison with static testing.
3.2.2 Research works led according to experimental needs

As stated before, the need to devise a taillor made testing set-up and specimen
geometry is strictly linked to the effect of the dynamic phenomena involved. In
fact, several works have been done by using specifically designed equipment and
specimens but, few researchers have either shown the details of their facilities or
justified the reasons for their choices. A general overview on the experimental
standards and procedures is discussed. More attention is paid to research works led
by the use of servo-hydraulic machines since this type of machine was adopted in

this work.
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Agbossou et d., 1995 adopted a servo-hydraulic machine fitted with a special

viscoelastic material to transmit the load to the specimen. A more detailed analysis
on the importance of a proper designed test set-up in high strain-rate testing was
carried out by Beguelin et al., 1991. They showed that by adopting the so called
“pick-up unit” to damp the load transmission significant benefits in terms of
smoother load and strain versus time curves can be obtained in tensile tests
conducted by servo-hydraulic machine. Figure 3-1 reports a scheme of the solution
adopted, pointing out the benefits of the damping effect in terms of displacement
signal acquisition.

Figure 3-1: Solution adopted by Beguélin et al., 1991 and Barre et. al, 1996 for
tensile tests

Barre et al., 1996 also used a similar set-up rearranging the load transmission unit,
but not eliminating damping of the vibrations by means of a proper damper. Rotem
and Lifshitz 1971 were pioneers to test u.d. fibrous composites considering the
facilities available at the time of their work. They envisaged a thin and narrow
specimen to be broken with relatively low loads adopting a drop weight system
with a particular jaws assembly design. Pardo et al., 2002 used a similar test set-up
to test quasi-unidirectional E-glass/polyester composite by a tensile servo-
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hydraulic machine. They concluded that the use of a damper unit is fundamental in

order to get reliable data free from noise due to impact waves.

For very high strain-rates, the Hopkinson Bar system has been widely used both
for tensile and compressive tests in the past decades (Harding, 1983, 1987;
Peterson et al., 1991; Ninan et al., 2001; Tsai and Sun, 2004; Gilat et al., 2002;
Jadhav et a., 2003; Vinson and Woldesenbet, 1999). This mechanism is made of
an impacting bar hitting an incident bar transmitting the load to the specimen
placed in between the transmitting bar and a terminal bar at the opposite end
(figure 32). The strain and stress measurements are obtained by placing some
strain gauges on the incident and output (terminal bar). The data obtained depend
on several factors and the strain and load measurements are not detected directly

on the specimen but must be inferred.

Strain Gage Specimen Strain Gage

1 L

Striker Bar Incident Bar Transmitter Bar

Figure 3-2: Scheme of the Hopkinson Bar

The result is that the data available on materials properties at very high strain-rates
are quite speculative. Indeed, nost of the results obtained from works at very high
strain-rate are often conflicting. This is because the higher the strain-rate range
investigated, the more complicated the phenomena involved and the test procedure

are.

In this research, a servo-hydraulic machine was preferred to investigate the strain-
rate properties of composite materials as the most adequate test apparatus to
investigate the strain-rate range of interest in this research Table 3-1 resumes the
system used, the type of test, and the material and strain rate range investigated,
and the relative referenced works.
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Table 3-1

: SUummary of systems used to apply dynamic loads to composite materials

System

Test

SR range [s]

Material (Reference)

Charpy
Pendulum

Tensile

<100

S-Glass/epoxy (Rotem and Lifshitz, 1971; Hayes and
Adams, 1982)

Carbon/epoxy (Sohn and Hu, 1996; Hsiao and Daniel,
1998)

Kevlar/epoxy (Hayes and Adams, 1982)

Hydraulic
Machine

Tensile,
Shear

0.001-100

S-Glass/epoxy (Thiruppukuzhi and Sun, 2001; Daniel
and Liber, 1978)

Carbon/epoxy (Gilat et al., 2002)
E-Glass/Phenolic (Barré et al., 1996)

E-Glass/Polyester (Barré et al., 1996; Pardo et al., 2002;
Rotem and Lifshitz, 1971)

E-Glass/epoxy (Wang et al., 2005; Rozicky, 2000;
Rotem and Lifshitz, 1971; Tay et al., 1995)

G-Glass/epoxy (Harding,1993; Okoali, 2001; Okoli and
Smith, 2000a,b)

E-Glass/polyamide (Todo et al., 2000)
Carbon/polyamide (Todo et a., 2000)
Graphite/epoxy (Daniel and Liber, 1978)
Kevlar/epoxy (Daniel and Liber, 1978)
Boron/epoxy (Daniel and Liber, 1978)
UD IM6/Peek (Baguelinetal., 1991)

Hopkinson
Bar

Tensile,
Shear,
Compr.

100-3000

S2-Glass/8553-40 (Thiruppukuzhi and Sun,1998, 2001;
Ninan et al., 2001)

S2-Glass/epoxy (Tsai and Sun, 2004)
S2-Glass/vynilester (Akil et al., 2003)

E-Glass/epoxy (Thiruppukuzhi and Sun,1998; Harding,
1983,1987; Harding and Welsh, 1992; Tay et al., 1995;
Armenakas, 1995)

Carbon/epoxy (Gilat et al., 2002; Hosur et al., 2001,
Hsiao and Daniel, 1998; Hiley et al., 1997)
Graphite/epoxy (Jadhav et a., 2003; Vinson and
Woldesenbet, 1999)

Glass-SMA (Peterson et al., 1991)
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3.3 Geometry variables

The geometry of the specimen represents one of the key aspects for a good
understanding of strain-rate testing. Woldesenbet and Vinson, 1999, Harding,
1993, and Tsai and Sun, 2002 paid particular attention to this problem. Tsai and
Sun investigated the behaviour of S2-Glass/epoxy systems. Compression tests
reveadled that the result obtained with a coupon specimen was different from that
obtained with a block specimen(figure 3-3). They attributed this discrepancy to the

dlightly different resin content in the two specimens.
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Figure 3-3: Stress-Strain plots for two different type of specimens by Tsai and Sun,
2002

Similar results were found from tests conducted on graphite/epoxy specimens by
Woldesenbet and Vinson, 1999. Harding, 1993 conducted high strain-rate
compression tests on woven glass/epoxy laminates utilizing two different shapes.
Generdly, a strain-rate dependence on the strain rate was found. However
significant discrepancies were noticed between the two specimen geometries
adopted, namely cylindrical and thin stripe, respectively. Harding, 1993 concluded
that in considering strain rate effects it is necessary to distinguish clearly between
material response, the response of the material unaffected by the geometry of test
piece or by the method of load application, and the structural response, where the
mechanical behaviour is determined as much by the geometry of the test piece as
by its fundamental material properties. Ultimately of course, for the engineer, it is
the final structural response of the component he is designing which is important

but in the design process it is the material properties that will be needed. It is
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therefore commonly agreed that in the design of experiments for studying
composite materials, a clear distinction needs to be made between material and

structural response as already stated in the previous paragraph.
3.4 Materials' issues

Generally it is accepted that the dynamic mechanical behaviour of many neterials
depends on the strain-rate. There is now a considerable body of data available on
the mechanical performance of metallic materials at diverse strain-rates and some
well defined principles governing their general behaviour. However, for
composites the situation still remains unresolved. There are many reasons for
which thisis so. In the first instance compared to metals, interest in polymeric and
fibre-reinforced composite materials was developed relatively recently. In
composites, the complex interactions between fibres and matrix and the many
parameters involved in determining the mechanical response (for instance the
effect of strain-rate in the fibre-matrix interfacial bond strength for different fibre
surface finishes) make a fundamental interpretation of the experimental data very
difficult. These problems are highlighted by the added difficulty of designing
strainrate testing methods suitable for composite specimens which give
information on the basic material behaviour rather than on the impact response of a

dructural € ement.

One of the approaches used to tackle the problemis to investigate the strain rate
properties of the single constituent materials. If the strain-rate behaviour of fibres
and matrix are known separately, the strain-rate behaviour of a composite
assembly can be subsequently investigated. The main difficulty encountered is in
finding a correlation between the behaviour of the separate materials and the

resulting assembly.
34.1 PolymericResn Matrix Materials

Goldberg and Stouffer, 1998a,b, 1999 attempted to describe the dynamic properties
of resins by use of modified equations developed for metals. The study showed
satisfactory results in computing the deformation response of a thermoplastic

matrix. The matrix constitutive equation was implemented into a composite
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micromechanical model allowing to describe reasonably well the response of

carbon/peek composites at low strain-rates.

The study of Gilat et a., 2002 is nore relevant to this work, as they tested epoxy
resins to assess the role played in the overall material behaviour. They carried out
tests at very low strainrates (less than 1 s1) and high strain rates (400 s1). The
results showed that the resin stiffens and improves its ultimate strain and strength
asthe strain-rate increases By subsequently testing carbon/epoxy specimers with a
tensile glit Hopkinson bar technique, they showed that the rate of deformation
significantly affects the response of the overall material and its strain and strength
for off-axis loads. For 45° laminate specimens, the highest dependence of the
maximum stress and strain on the strain rate was observed. These observatiors
suggested that composite sensitivity on the strain-rate is driven by the resin
behaviour for off-axis configurations, which needs to be studied further at different

rates and load conditions.
3.4.2 Reinforcing Fibres

In view of the experimental difficulties involved in testing individual fibre tows or
dry fibre bundles, particularly at high rates of strain, it is not surprising that little
information is available on the rate dependence of the reinforcing fibres. However
Rotem and Lifshitzcarried out tensile tests on glass fibres at moderate strain, in the
range 5-30 s* by use of a drop weight impact tester. For dry bundle E-glass
specimens, prepared from a single-end E-glass roving, it was found the tensile
failure strength was found to be nearly three times that determined at quasi-static

rates.
3.4.3 Fibre-reinforced Composites

The complex interaction between the reinforcing fibres, the matrix and the
additional effects associated with the interface between them, prevent any simple
or direct correlation between the rate dependence of the individua constituent
phases and that of the composite material incorporating each of these phases. This
is why most researchers preferred to focus their attention on the whole material

rather than on its constituents.
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3.4.4 Unidirectional reinforced composites

For unidirectional reinforced specimens under tensile load applied parallel to the
direction of reinforcement, most of studies presented in literature agree that the
composite mechanical response is determined mainly by the fibres, which are
known to have a much higher stiffness and strength than the matrix. The rate

dependence of the matrix therefore is relatively unimportant.

For unidirectional glass FRP an increase in ultimate strain and strength was
generaly found (Barré et al., 1996; Pardo et al., 2002; Wang et a., 2005; Dani€l
and Liber, 1978; Tay et al., 1995; Rozicky, 2000; Harding, 1987). Wang €t d.,
2005 observed that in tensile tests at low and intermediate strain rate (up to 50 s%),
an increase of the ultimate strength and strain up to the 40% of the static value was
observed for unidirectional glass/epoxy. At higher strain-rates anincrease of the
strain rate up to 900 s was noted not to lead to any further increase in strength as
pointed out by Harding, 1987. Instead there was change in the failure mode. The
fibres pull-out became the controlling process. This suggests that while at low
strain-rates the epoxy resin has a tensile strain to failure greater than that of the
composite, at high strain-rates this is no longer true. At high strain-rate it is the
failure strain of the resin which limits the tensile strength of the composite. The
resin properties play a more important role in unidirectional reinforced specimers
under compression, where the shear modulus of the matrix should be great enough

to support the fibres against buckling failure.

For unidirectional carbon FRP a lack of any significant effect of strain-rate was
observed and attributed to the lack of rate dependence of the carbon fibres
(Harding, 1987).

345 Woven-Renforced Composites

Akil et al., 2003 found that for wovenreinforced composites, there is likely to be a
greater interaction between the fibre and the matrix, with significantly increased
localised strains in the matrix. This is because the fibres straighten under tensile
loading or buckle under compressive loading. As aresult, the FRP rate dependency

of both compressive and tensile strength is increased. In Carbon FRP, an
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improvement of the strength has been roticed by Todo et al., 2000 along with a
noticeable improvement of the stiffness up to 55%. The latter may be explained
looking at the increased interaction between the fibres and the matrix. By
observing the strain rate response of three different specimens, carbon, kevlar, and
glass FRP, al with the same satin weave reinforcement geometry and the same
polyester matrix, they noticed that the rate dependence of the elastic modulus is
remarkably similar. This supports the idea that in woven the rate dependence of the
modulus derives from the elastic interaction between the axialy aligned fibre tows
and the matrix and depends on the rate sensitivity of the matrix. In contrast a study
by Belingardi and Vadori, 2002 did not note any strain-rate sensitivity for woven
E-glass/epoxy at low- medium rates of strain.

3.5 Theoretical Modelling Approaches

Modelling approaches can be distinguished firstly in a macroscopic approach,
where the composite material is modelled as an anisotropic and homogenous
material, without any attention being paid to the individua constituents, and
secondly in a micromechanics approach where the effective properties and
response are computed based on the properties and response of the individual
constituents. These main methods may be reformulated and therefore a variety of
methods exist to model the strain-rate deformation of composite materia. In
macroscopic techniques, the nonlinearity and rate dependence of the deformation
are accounted for at the ply level. In micromechanical techniques, the rate
dependence and nonlinearity of the polymer matrix is modelled at the constituent
level. The homogenization techniques then compute the effective deformation

response of the composite based on the response of the individual constituents.
351 Congtitutive Models

The most developed models can be grouped in:

a) Linear viscodlastic models. For very small strain response; springs and
dashpots in series may be used to capture the rate dependent behaviour.

b) Non linear viscoelastic models. When the strains are large enough that the

response is no longer linear, non linear dashpots have to be incorporated into the
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model. Empirical equations are also used to capture the rate dependent response, in
which the yield stress is scaled as a function of strain rate.

¢) Molecular approach. This assumes that the deformation of a polymer is due to
the motion of molecular chains over potential energy barriers. The molecular flow
is due to applied stress, and the internal viscosity is assumed to decrease with
applied stress. The yield stress is defined as the point where the internal viscosity
decreases to the point where the applied strain-rate is equa to the plastic strain-
rate. Internal stresses can also be defined which represent the resistance to
molecular flow which tends to drive the materia back towards its original

configuration.

Among the works led on glass fibre composite, Agbossou et al., 1995 proposed a
Bingham-Norton's model group with Eyring's dashpot to describe the
experimental failures which seemed to be suitable in first approximation to
describe the failure stress as a function of the strain-rate. A schematic diagram is

represented in figure 3-4.

Hookean %&5 Eyring
spring =5 Dashpot
=
Patten ’ i Viscpug
o=l 1 non linear

g or E

Figure 3-4: Model proposed by Agbossou et al., 1995

According to Agbossou et al., 1995 their experiment the failure stress increased
significantly as deformation rate increased. To take into account this observation in
their model they distinguished two regions of behaviour according to the strain
rate. In the first region, corresponding to strain rates ranging between 10° and 1 s*
(quasi-static domain), the evolution of stress could be described by the following

equation:

s =s, +blog(e) (eq. 3.1)
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In the second region arresponding to the high strain-rate domain (1-300 s?) the
equation used was:

s =s, +le'" (e9.3.2)
With s, sp, B, ?, experimental parameters to be determined.

A viscoplasticity and rate dependent model was developed by Thiruppukuzhi and
Sun, 2001 for unidirectional S2-glass/epoxy in off-axis configurations based on
experimental observations at very low strain-rate (0-1 s). The general form of the

viscoplasticity model proposed was.

e =A(s)" (e9.3.3)
With
A=c(e)" (eq.3.4)

a dtrainrate dependent coefficient. The coefficients were obtained from the

experiments.

Wang et al., 2005 proposed a visco-elastic model composed of an elastic element
connected in parale with a generalized Maxwell model to describe the behaviour
of unidirectional glass and carbon epoxy. The viscoelastic parameters in the model
were determined by the experiment with a non linear least square fitting method
being used to analyse the test data. The theoretical results based on the model

showed good coincidence with the experimental results.

Tay et al., 1995 developed an empirical rate-dependent constitutive relationship for
glass-fibre reinforced epoxy and pure epoxy. The proposed relationship was a
function of both the strain-rate and the strain magnitude. They assumed that the
stress induced in the material comprises astatic and a dynamic component, as

expressed by the equation:
S =S¢ +S, (eg.3.5).

The static component is directly related to the uniaxial strain by Hooke's law. The
linear dependence of stress on strain means that the static component can be
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expressed as ss=(pe where qp is the stiffness modulus of the material under

unidirectional quasi-static loading. The dynamic component accounts for the

deviation from quas-static behaviour.

S, =0,e"(€)° (eg. 3.6)

The final constitutive equation obtained is:

Sp =Qoe+qe’(€)’ (e0.3.7)

They concluded that the model was adequate to describe the stress strain behaviour
at various strain rates. A significant observation was that the mechanical response

of both GFRP and pure epoxy can be described by equations of the same form.
3.5.2 Micromechanical models

Attempts to predict the effective properties and deformation response of the
individual plies in a composite laminate have been carried out by use of
micromechanical techniques (Chandra et al., 2002; Goldberg et al., 2003). In these
techniques, the effective properties and deformation response are computed based
on the properties of the individual constituent. Lamination theory can then be used
to compute the effective deformation response of the entire composite. In the
model proposed by Goldberg et a. the unit cell was defined to consist of a single
fibre and its surrounding matrix.

Fiber

Umi Cell Sliced Unit Cell Sliced Unit Cell

Circular Fiber Rectangular Fiber §lices

Slice of Linit Cell
Portion of Sliced Unit Cell Analyvzed

Figure 3-5: Scheme of the micromechanical model by Goldberg et al., 2003
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The composite is assumed to have a periodic, square fibre packing and perfect
interfacial bond is specified. The fibres are assumed to be transversely isotropic
and linear elastic with circular cross section. The matrix is assumed to be isotropic,
with a rate dependent, non linear deformation response computed using
appropriately developed constitutive equations. The latter have been integrated in
the micromechanics equations alowing the whole response of the material to be
described. Good accordance was found from comparisons between computed and
experimental results, but the ability of the model to analyze the deformation

response was limited to carbon/epoxy laminates.
3.6 Numerical Modelling

Some attempts to simulate strain-rate experimental observations using numerical
modelling may be found in the literature (Zheng et al., 2003; Coutellier and
Rozicky, 2000; Rozicky, 2000). Unlike numerical modelling of static problems,
some key issues have to be taken into account while modelling strain-rate
phenomena in order to get reliable results from the simulation. These are as

follows:

a) The f.em. code has to be chosen in order to guarantee computationa stability
and efficiency. An explicit finite element code response is usually preferred for

analyzing the dynamic of materials. Thisis explained in detail in chapter 7.

b) Boundary conditions have to be chosen such that a strain-rate similar to the one

recorded in the experiment is simulated.

c) Materid moddl with strain-rate dependency parameters option has to be

considered and at the occurrence built.
3.6.1 Typeof test smulated and Material typesinvestigated

Thiruppukuzhi and Sun, 2001 simulated S2glassepoxy material under tensile
loading finding good results for strainrates below 1 s'. The laminate was
modelled in ABAQUS by using 4 noded layered shell. A load in terms of
displacement-time history was imposed at one end of the specimen while the other

edge was clamped to model the gripping of the specimen at the load cell. The
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experimental material constitutive response was implemented through the

software.

Okoli and Ainullotfi, 2002 ssmulated a three point bend impact test to predict the
behaviour of woven glass laminates by use of LS-DY NA. The results were limited
since no congtitutive model which took into account strainrate effects was
adopted.

3.6.2 Summary of thef.em. approaches adopted

Table 3.2 summarizes the numerical simulation studies carried out in the literature.
Details such as material tested, geometry and software used are reported, where
applicable, along with the relative references. E-Glass/epoxy specimers in tensile
tests have not been analysed so far and consequently no direct comparison with the
literature can be done. In this work a numerical modelling of the experimental

testing carried out on u.d. specimens is presented. Once established that the
numerical model is suitable to describe the strain-rate behaviour of E-Glass/epoxy,
this is used to investigate the strain-rate response of a sailing yacht hull panel made

of similar materials.
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Table 3-2: Summary of the Numerical Smulation Works Available in Literature

Specimen’s Strain Rate
. Typeof Boundary .
Material Shapeand . Software and Element Material range
test ) ) conditions ) . Ref.
Type . Dimensions . used model investigated
simulated applied
[ /w/t [mm] [s"
Velocity profile
Sted typ
. . detected from the Not Not ) 0-1000
X2CrNiMo tension Hour-glass ) ) ) Not provided 1
experiment provided | provided
1810
. Velocity profile
Aluminium
al ) hed detected from the Not Not N e 0-1000 1
0 tension notcl ot provi
Y experiment provided | provided P
7075
- ] 4 nodes
Displacement-
glass/8553 ) Flat coupon ] ) layered )
tension time history ABAQUS Not provided 0.001-1 2
40 [100/17.8] shells
load
AR
Woven Displacement- 4 nodes
7781/F155 ) Flat coupon time history ABAGUS layered N e 00011 )
tension ot provi .001-
E-glass [100/17.8/] Load at theend Q shells P
fabric of the specimen AR
- )
Displacement- 8 nodes
glass/8553 Bar cube ) ) ]
Compress. timehistory ABAQUS | 3D solid | Notprovided 1000 2
40 [9%x9x9]
load
Mindlin- .
GH | et It PAM - Rei User defined 3
0X m| e - el ssner na
i pact P CRASH subroutine
shell
Chang
Tufnol . Chang
. Displacement- OASYS 8 nodes
grade 3 point ) ) . Failure
80x15x3 time history LS solid 0-2.7 4
10G/40 bend model
load DYNA3D | edement
glass/epoxy (no strain
rate effect)

References: 1. Essam-el Magd, 1999; 2. Thiruppukuzhi and Sun, 2001; 3. Johnson at al., 2001; 4. Okoli and
Ainullotfi, 2002.
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3.7

Summary of Data from Literature
Table 3-3 reports the summary of the data available from the literature.

Table 3-3: Summary of data fromthe literature

. SR
Material E Su e,
[s™]
UD glass/epoxy 05 dightly dightly dightly
Rotem and Lifshitz, 1971 improved improved improved
UD glass/epoxy
Barréet al., 1996; Daniel and 0.30 improved improved 3
Liber, 1978; Pardo et al., 2002; 50% times
Rozicky, 2000; Tay et al., 1995
UD glass/epoxy ) increased up increased up
) 0-50 unvaried
Wang et al., 2005 (no off-axis) to 50 % to 50%
UD glass/epoxy
Thiruppukhuzhi and Sun,1998, 500 improved decreased decreased
2001
UD carbon/epoxy
) ] 0-27 unvaried unvaried -
Daniel and Liber, 1978
UD Kevlar/epoxy 0.7 increased increased Slightly
Daniel and Liber, 1978 20% 20% improved
Woven S2-glass/ Vinyl ester
0-500 improved improved improved
Akil et a.,2003
Woven E-glass/epoxy Significant Significantly )
) 0-1000 improved
Harding, 1993 improvement | improvement
Woven E-Glass/ polyamide
0-10 Improved improved improved
Todo et al., 2000
Woven Carbon/ polyamide
0-10 improved improved improved
Todo et al., 2000
Woven Glass /epoxy i i i
0-100 unvaried unvaried unvaried
Belingardi and Vadori, 2002
Woven Gl Increased u
oven Glass /epoxy 0-1000 P increased increased
Harding, 1987 to 55%
Woven Carbon /epoxy Increased up
_ 0-1000 increased increased
Harding, 1987 to 55%
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4 Research Approach Adopted

4.1 Solution Methodology

The ultimate goal of this work was to investigate under a strain-rate approach the
response of a sailing yacht sandwich hull panel, made of E-glass/epoxy, subject to
dam loads. A DK46 sailing yacht was used as a case study. Bearing this in mind

the research was developed in the following steps.

The strain-rate properties of unidirectional E-glass/epoxy composite material were
investigated under rates of strain typically experienced by sailing yacht structures.
The material was characterized statically and dynamically as in axis and off-axis
configurations; a servo-hydraulic Instron machine was used for this purpose. A
specific test set-up was adopted and appropriate test rig was designed and
manufactured in order to get the desired results. As a result, stress-strain curves at

different strain rates and for different fibre orientations were obtained.

Once the knowledge on the dynamic properties of the material has been acquired, a
systematic methodology was proposed to describe the strain-rate behaviour of the
material by LS-DYNA explicit finite element code. This methodology was
subsequently applied to examine the response of a hull panel subject to a slam
load. The dam load was determined by means by of a fluid-structure interaction
simulation ALE (Arbitrary LagrangianEulerian) method, within the LS-DYNA
code, was used to for this purpose.

A strain-rate analysis was carried out on the panel assessing stresses at a ply level.
A static numerical analysis by use of ANSYS commercial package was also

performed and arelative comparison with the dynamic analysis was carried out.

Figure 4-1 schematizes how the work was devel oped.
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Imrvestigation of the behaviour of FRF hull structure under slam laods
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Figure 4-1: Scheme of the research methodol ogy adopted
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5 Experimental Assessment Procedure of Materials
Behaviour

5.1 Introduction

The purpose of the experimental campaign was to determine the tensile static and
dynamic properties of E-glass/epoxy, to be used in the strain-rate based analysis of
a sandwich hull panel, whose skins are made of the material under investigation. It
can be argued that in a hull sandwich panel under pressure loads, the inner skin
undergoes tensile deformations while the outer skin undergoes compressive
deformations. Besides, depending on the curvature of the panel sometimes both
skins can be under compression. Ideally, the dynamic properties of the material
both in compression and tension should be known. The testing equipment adopted
for the experimental campaign consisted of a hi-velocity servo-hydraulic machine
which allows only for the investigation of the tensile mechanical properties in the
strain-rate range of interest. A different machine set-up, not available among the
resources of this work, should have been adopted to explore the dynamic
compressive properties in the same strain-rate range.

In light of these considerations, the numerica investigation of the hull panel was
led by assuming that the behaviour of E glass/epoxy was the same in tension and
compression and it was described by the properties found in the tensile testing.
This assumption was acceptable considering that Rozicky, 2000 did not note a
significant difference in tensile and compressive response while testing the same
material statically and at lower strain-rates.

The experimental testing has been developed according to the following three

points:

1. Choice of the material and type of test to adopt;

2. Results expected;

3. Instrumentation to be used in order to obtain the desired results;

The why of each choice is discussed in the next paragraphs.
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52 Materialsunder investigation

The material under investigation was unidirectional E-glass'epoxy pre-preg,
namely unidirectional E-fibre glass pre-impregnated with epoxy resin, provided by
SP Systems (UK). The pre-impregnated concept allows for the right control of the
resin weight such that an optimum fibre-matrix ratio is achieved. The resin system
code was SE 84 HT. The pre-preg resin content was 37% by weight. The total areal
weight was 476 g/nt.

The choice of the material was made because unidirectional E-glass/epoxy is
widely adopted in the yacht industry, and is one of the most preferred materials
particularly when performances and lightweight structures are sought. As an
example, the hull panel of a DK46, made of this material, is considered as object of
the study in chapter 8.

5.2.1 Material variables

The overall behaviour of composite materials isafunction of both the properties of
each individua component (type of matrix and fibres) and the way they are
assembled together. Theoretically, understanding the dependence of every single
component on the strainrate is a way to determine the overall strain-rate
dependence of the composite material. This could be achieved by conducting
separately strain-rate tests on the matrix, the fibres and the whole assembly. As
shown in the literature review, this approach can be laborious and time consuming
due to the difficulty related to tests set-up, especialy for fibres In addition,
according to the published works (Rotem, 1971), it usualy leads to conflicting

results.

In light of these considerations in this work it was preferred to investigate

experimentally the overall behaviour of the composite.

5.3 Typeof Test adopted and resultsto be obtained

As well established in the review, the choice of the type of test to adopt is mainly
related to the mechanical properties to be investigated and the strain-rate range of
interest. Bearing in mind the hull panel case study, in order to perform a strain-rate

numerical simulation of a sailing-yacht GRP hull pand, it has to be known how the
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stiffness and the ultimate values of stress and strain vary depending on the strain-
rate, in the strain-rate range of interest, usually 0-80 s* for fast sailing-boats The
test better suited © determining these properties was a tensile test by use of a

servo-hydraulic machine.

By means of tensile tests it was possible to obtain the dress-strain curves at
different strain rates, namely the mechanical properties (modulus of elasticity,
ultimate strength and ultimate strain) of E-glass/epoxy. Different off-axis
configurations, typically adopted in the lay-up of sailing-yacht hull constructions,
were analyzed in order to assess the strain-rate dependence on the load application

fibreangle.
54 Testing Equipment

For the experimental campaign, a servo-hydraulic Instron machine, capable of
performing tests up to 20 m/s, was used. The testing speed is referred to the speed
of the ram of the machine. In order to obtain the strain-rate values intended to
explore, some issues concerned with the general set-up of the experiment and the
operation of the machine have to be considered. As understood in the review,
strain-rate experiments may need to be designed according to the results desired.
Consequently, understanding in detail how the machine works, it is one of the key

aspects of the experimental testing.
5.4.1 Transmission of the L oad

The novel feature of the machine used was a fast jaws grip system. This system
works such that the lower part of the specimen is pulled once the actuator reaches
the velocity set in the experiment. The transmission of the load occurs by means of
friction. Figure 51 shows a etch of the whole machine and describes how it

works.
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Figure 5-1: Sandard Machine Set-up

Figure 5-2 illustrates in detail how the machine runs. In the set up phase the
actuator is placed in aposition, let’s call it x=0. The gauge length will be given by
the summation of the length of the specimen abowve the actuator at t = 0 and the run
(fixed at 180mm for design reasons) the actuator needs to accelerate at the wanted

velocity. Therefore the test begins at t = t, when the jaws clutch the specimen and
start to pull it until failure occurs at t = t;.

Standard Clamping mechanism

t=0s t=tosec t=11
v=0mis V=Yoo mis W=Wo mis
w =0 mm * =180 mm 3 = 180mm + dx

v
Iy
v @C/

Figure 5-2: Scheme of Clamping System



Chapter 5

This system is interesting and innovative but shows some limits since it does not

take into account some fundamental issues concerned with this research.

Firstly the fast jaws work very well with metals but they do not manage to clamp
composites properly. Thisis due to the irregular surface of the composite itself and

to the coarse surface of the grips designed specifically to clutch metals.

Secondly, this device needs arun of 180 mm to accelerate before clamping the
specimen at the needed velocity. This length has to be added to the gauge length of
the specimen. Consequently the total length of the specimen is a function of the
machine system. This has to be avoided since the geometry of the specimen
influences the strain-rate response of the material. As aresult of this, the geometry
is a design parameter to be chosen according to the results expected, and it is

essential to avoid a coupling with the machine configuration.

In the following paragraph it is discussed why a different clamping system is
needed.

5.4.2 Design of specific testing equipment parts

Assuming that the geometry of the specimen is designed according to the reasons
explained above, it is evident that the clamping system had to be redesigned. It was
necessary to devise a new clamping system such that the load transmission did not
occur through friction on the specimen surface itself. For both economical and
practical reasons, as redesigning the whole machine would have been out of the
purpose of this work, the idea was to optimise the design of the existing
mechanism through the adoption of a new part. The purpose was achieved linking
in series the composite specimen to ametal stripe; the metal stripe wasthen pulled
by the standard fast jaws and at the same time ensured the transmission of the
motion to the composite specimen The link was realized by means of two plates.
Composite specimen and metal stripe were inserted between the plates that
presented a coarse surface in the inner side for better gripping. A set of bolts
adequately tightened ensured the right clamping conditions. The metal stripe was
linked to the plates through a couple of pins placed in adequate holes. Figure 53
shows adrawing of the plates that were designed while figure 5-4 shows the new

configuration of the clamping system.
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Figure 5-3: Clamping plates devised
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Figure 5-4. Scheme of the new clamping system devised
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The plates were made of steel hardened by heat treatment. The total cross section
area dimensions were chosen such that the parts behaved as arigid body, such that
no energy dissipation occurred during the testing process. Figure 55 depicts the
fina set-up adopted and schematizes the different phasesin atest.

| — | | | | | a = specimen
b = plates

L?}’J c =fast jaws

d = actuator

g e = sted strip
ﬂ L S phase 1-2

L

acceleration of the
actuator to the set
velocity

phase 2
_ fast jaws grip and

pull steel stripe

m 1 |

/oA

phase 2-3

load transmission
until specimen’s
failure

Figure 5-5: New Machine Set-up

The reliability of the new clamping system was verified practicaly and with a
preliminary dynamic f.e. analysis of the experiment, considering the material
dynamic properties of the metal parts. The intention was to verify that in the worst
scenario (highest actuactor velocity), failure took place in the composite specimen
rather than in the metal stripe or the plates One half of the parts was modelled
thanks to the symmetry (figure 5-6). The simulation confirmed that the metal parts
were well below their yield stress and the failure took place in the composite
specimen (figure 57). A more detailed description of the numerica modelling

approach followed and the software used is given in Chapter 7.
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Figure 5-6: Finite element model of specimen plates and metal strip
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Figure 5-7. Sress Distribution in the plates

5.4.3 Advantages of Specific Clamping System

The advantages of a new clamping system to perform strain-rate testing by means

of a servo-hydraulic machine can be summarized in the following points:
1) Simpler specimen configuratior

2) Higher strain rates achieved;

3) More constant distribution of the strain rate aong the specimen length;
4) Smoother load signal from the load cell;

5) Easier set up and acquisition data;

These key advantages are discussed in detail in the following paragraphs.
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5.5 Selection and Design of test specimen

The geometry of the specimenisacrucial aspect in strain-rate testing. The reasons
why a certain configuration was chosen are shown to be strictly related to the need

of designing a new clamping system

It was established that in the general test configuration the specimen was clamped
in one end and pulled through the other end at a certain velocity, amost constant
during the test duration. This was possible thanks to a feedback control system of
the testing machine which regulates the hydraulic pressure of the lower ram

according to the force measured from the load cell.

In preliminary studies many tests on specimens of different length and parallel
numerical ssimulations were carried out by the author. From these, the conclusion
of “the shorter the better” has been drawn in complete agreement with the literature
(Pardo et al., 2002; Baguelin et al., 1991).

First of al, the shorter the specimen te higher the strain-rate, and the more
constant is the strain-rate distribution along its length. The latter because the waves
propagation and reflection occurring into the material reaches the equilibrium
earlier (Clements et al., 1996). It is fundamental to perform a test with a constant
strain rate distribution since the strain, and therefore the strain-rate, is measured

only in one point of the gauge length.

The reason why a higher strain-rate is obtained can be found referring to a
simplified formula according to which the strain-rate is a function of the ratio
velocity/specimen’s length. It is clear that theoretically for a given velocity the
value of the strain-rate can be doubled just by halving the length.

o=~ (eq.5.1).

The minimum length of the specimen will be dictated by the space needed to glue
the strain-gauge on it and the space needed to set the specimen on the machine

(practically, the space to handle the span to tighten the grip’s bolts).

Three specimens with different lengths respectively 105, 165 and 225 mm were
examined in preliminary f.em. simulations aimed at assessing and verifying the
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strain-rate along the specimen length. The strain-rates in each position of the
specimens and at each time step were measured as the derivative of the strain

values with respect to the time.

In figure 5-8, the correspondent strain-rate profile along the length was plotted for
five different time steps. By looking at the plots it can be noticed that:

a) The shorter the specimen the higher the strain-rate in a section;

b) The longer the specimen the more the strain-rate fluctuates in every section.
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5.5.1 Geometry variables

Once the criterion for the choice of the length was established, the two other

dimensions were examined.

The use of particular specimen profiles like the dog-bone shape could have been
convenient to drive the failure in a precise zone. Unfortunately for u.d. composites
acrack starts in the curves of the specimen and propagates in the matrix parallel to
the fibres direction. Therefore a very simple rectangular shape was believed to be
the most suitable geometry to use for u.d. specimen under tensile loading. The
width of the specimen as well as the thickness influence the maximum load needed
to break the material. The thickness of the specimen depends on the number of
layers of the laminate. The width had to take into account the space needed to
place the strain-gauge. These variables were chosen such that the breaking load
was well below the maximum load performable by the machine (about 100KN),
since in this condition the load cell happens to be in resonance with subsequent
noises in the measurements (Instron manual, 2001). A 1 mm thickness obtained by

using four layers and a 10 mm width ensured the compliance with this condition.

Tabs were aso adopted to improve the grip as the direct contact of the grips with
the composite surface may cause indentation and consequent microcracks that
could drive the faillure unexpectedly. Hence, by using tabs the risk of damaging the
composite surface during the tightening procedure was avoided as the load was

distributed and transmitted uniformly to the specimen.

A material with a modulus of elasticity close to the modulus of the specimen was
adopted for the tabs in order to avoid discontinuity in the stress distribution.
Aluminium was the most suitable material for this purpose. The tabs were glued

using epoxy resins.

Geometry and relative dimensions are reported in Figure 5-9 and Table 5-1.
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+4+

+ Ld 4 + Lu
B e — _

Figure 5-9: Specimen geometry

Table 5-1: Specimen Dimensions

L Lu Ld Lg W t1l t2
195mm 45mm 55mm 95mm 10mm 1mm 1mm
Tabs dimensions
Lu Ld t2 W

55mm 45mm  0.7mm 10mm

5.5.2 Laminatereinforcement Configuration

Three laminate configurations were considered such that the angles obtained
between the direction of the fibres and the direction of the application of the load
were 0°, 15° and 30°. The purpose of this choice was to investigate the influence of
the fibres direction on the strain-rate behaviour of the laminate.

As explained before the choice of the range 0-30° lies in structural considerations
related to yacht constructions. When designing high performance boat structures,
unidirectional plies are preferably aligned withthe predicted highest load direction,
offering in this way their best mechanical properties. Practically, diverse lay-up
configurations are adopted, depending on the area of the hull and the dimensions of
the panel, to obtain structures capable to withstand complex loading scenarios. A
+30° lay-up is commonly adopted in conjunction with 0° and woven laminates in

sailing yacht panels. Figure 5-10 depicts the specimen configurations.

50



Chapter 5

[0] [15] [30]

Figure 5-10: Fibres configurations tested

5.5.3 Manufacturing Procedure

A panel was manufactured by laying up four plies and then cured in an oven with a
vacuum bag technique br 12 hours at 90 C°. This process produced 1m x 1m
plates with a thickness of 1mm.

Specimens were cut out from the plates in the desired geometry by use of a circular
saw. The length of the specimen was 195 mm, the width 10 mm, and the thickness
1 mm. Aluminium tabs 1mm thick were glued on the specimen ends leaving a
95mm gauge length. A total of twenty-four specimens were used in the
experimenta study. Considerable effort and care was spent to ensure dimensional
accuracy and prevent delamination. Figure 5-11 depicts the manufacturing

equipment used in the vacuum beg technique.
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Pipe for
vacumun

Figure 5-11: Vacuum bagging technique for plate manufacturing
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56 Statictesting

Static testing was necessary in order to assess and compare the mechanical
properties investigated in the high strain-rate testing. Quasi-static tests were carried
out by use of a universal servo-hydraulic 8802 Instron machine. The tests were
performed according to the ASTM rules about composite materials. For the [0]4
specimen the Y oung' s modulus was found to be 42.1GPa, while the values of the
ultimate strength and strain were found to be 805 MPa and 1.92% respectively. For
the [15] 4 specimen the Young s modulus was found to be 30.9 GPa, while the
values of the ultimate strength and strain were found to be 135 MPa and 0.53%
respectively. For the [30]s specimen the Young s modulus was found to be 18.5
GPa, while the values of the ultimate strength and strain were found to be 40.3
MPaand 0.24% respectively.

5.6.1 Geometry of specimen

Figure 5-12 shows a picture and a sketch of the geometry of the specimen adopted
in the static testing. The relative dimensions suggested by ASTM are also reported.

38 mm 127 mm I8 mm

12.7 mm

ﬁﬂ
l\ sy

i—-"'" _'=-\-|_i

2 mm

Figure 5-12: Specimen adopted for static tests
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5.6.2 Experimental Stress-Strain Curves for [0]4, [15] 4 [30] 4
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Figure 5-13: Static stress strain curves
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Table 5-2: Mechanical Properties obtained from Static Tests
Fibre Orientation Young's Modulus ] ) Ultimate Strength
Ultimate Strain
[Deq] [GPa] [MPa]
0 421 0.0192 805
15 30.9 0.0053 135
30 185 0.0024 40.3

A comparison between experimental and theoretical Y oung’'s modulus versus fibre
orientation angle was performed in order to assess the reliability of the results

obtained from the experimental testing campaign.

The theoretical formula adopted which derives from the plane stress constitutive is:

(e9.5.2)

Where, m and n are respectively the cosine and sine of the angle formed between
fibre direction and application of the load, ?1, is the Poisson’'sratio, E; and B are

respectively the Young’'s modulus in the direction of the fibres and the direction

perpendicular to the fibres, and G;» is the shear modulus.

Since this testing campaign did not include testing [90] and [+45] specimens
necessary to determine the values of ?1,, E; and Gip, experimental data obtained

from such tests conducted in research works led by Rozycki, 2000 on the same

materia have been considered.

The values considered for ?1»2, B, and Go, were 0.299, 10.3GPa and 4.43GPa
respectively.
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The theoretical and experimental curves are plotted in figure 5-14 showing a slight

discrepancy likely to be due to the assumed value of ?12, Ep, and Gya.

Young's Modulus [GPa]

— - Experimental
— Theoretical

10

20

30

Off-axis Angle [deg]

40

Figure 5-14: Comparison theoretical-experimental static Young's Modulus versus

fibre’sangle
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5.7 Strain-rateTesting: “Material Characterization”

The purpose of the strainrate experimental testing was to characterize the
behaviour of unidirectional E-glass/epoxy in acertain strain-rate range considering
the dependence on the load-fibre angle. As explained earlier, the angle of interest
for the case study ranges between (° and 30°. Three set of tests on [0]4, [15]4, and
[30]4 laminates, were therefore performed.

5.8 Resultsfor [0],

(a) Experimental curves
Three experiments were performed at 5 nv/s, 10 m/s, 15m/s. The respective strain-

rates detected were 38.6 st, 64 s! and 75 s'. The following graph reports the
stress-strain curves obtained along with the static one.

1600

1400
1200 r
1000 -

800

— 34 51
600

Stress [MPa]

— 66 s-1

400 r — 7551

200 | —STATIC
0

0 0.01 0.02 0.03 0.04
Strain

Figure 5-15: Stress-Strain curves at different strain-rates

(b) Response and failure mechanisms
Figure 5-15 reports the stress-strain curve detected at different strain rates.

Noticeably due to the considerations on the designs of both the equipment and the
specimen, the results are free from noise with no need to filter them. From the

experimental testing the following observations were noticed:
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a) A significant increase of the strength to failure increasing the strain-rate (it is
remarkable that the ultimate strength varies from 805 MPa in the static case to
nearly 1500 MPaat 75 s2);

b) A significant increase of the strain to failure with increasing strain-rate;

¢) The stress-strain curves are linear with no significant dependence of the Y oung

modulus on the strain-rate.

As suggested by Wang et al., 2005 these results might find an explanation in the
following consideration about fibres. It is very probable that there is a variation of
strength and tiffness amongst different fibres. When the material is loaded
statically, the weakest fbres in the material undergo rupture immediately. This
effect is delayed when the material is loaded dynamicaly due to wave effects
travelling in the material. In this case, the stress is more uniformly distributed
across the section, and therefore among al the fibres; this results in the weakest
fibres being able to withstand the load longer. This phenomenon enables the
composite to stretch more and to withstand higher loads. From the experimental
observations it can be noticed that while the strain-rate influences the strength and

the strain to failure it does not ater the essential linearity of stress-strain response.

Therefore, for u.d. specimens under tensile load applied parallel to the direction of
reinforcement, the mechanical response is determined mainly by the fibres, which
are known to have a much higher stiffness and strength than the matrix. The rate

dependence of the matrix therefore is relatively unimportant.

By looking at the specimen after failure in figure 5-16, it can be seenthat no clear
breakage zone is identifiable. The fallure process takes place in a very complex
way in, a very short time period and in different places of the specimen leading to

the so called christmas tree shape of the broken specimen.

IEJ 20 30 40 500 60 70 83 90 100 110 120 130 140 150 160 170 180 150 200

- S T S Y ]
Figure 5-16: Specimen after failure
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(c) Comparison with Data from the Literature

Some considerations about the results obtained can be done by comparing this
work with some published evidence. Figure 5-17 reports the plots of the
normalized ultimate strength versus the strain rate, namely the ultimate strength at
a given dtrain-rate divided by the correspondent static value, for three different
research works. In Wang et al., 2005 and Rozycki, 2000 the same materia as the
one tested in this study was studied while a polyester matrix was adopted in Rotem
and Lifshitz 1971 instead. No variation in the Young's modulus was noticed in
this work in agreement with works of Wang et a. and Rotem and Lifshitz, 1971.
However, a significant increase of the Young's modulus up to 20% was found in
the range 0-44 s in the work of Rozycki, 2000. Besides for the latter, the ultimate
values of strain and stress reached a maximum at 25 s* and then decreased.
Similarities are noticed in the trend with the work of Wang et al., 2005.

It may be argued that the discrepancies noticed could be due to the different test
set-up and the geometry of the specimen chosen. As already stated the length of the
specimen and the transmission of the load play an important role in the dynamic
effects created in the phenomenon. Since no detailed information on the test set-up
adopted in other works are available, a meaningful comparison was only possible
with Wang and al., 2005 work. It is important to point out that the same machine
was used in both studies but a different set-up arrangement was adopted. As a
consequence of the set-up choice, the specimen geometry has had to be designed
accordingly. In the arrangement used in Wang et al., 2005 the fast-jaws system

clamps the specimen once the actuator reaches the velocity set in the test.
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Figure 5-17 : Normalized Ultimate Strength versus strain-rate for different works

The specimen used by Wang et al., 2005 has a longer gauge length since the run
the actuator needs to accelerate to reach the set velocity has to be taken into
account, and provided with special tabs to optimise the load transmission. This set-

up entails adirect impact on the specimen which resultsin aload signal acquisition

not free from noise. A longer specimen also leads to lower strain-rates. From figure
5-17 it can be seen that the highest strain-rate value achieved by Wang et al., 2005

is62 s and it was achieved using the same actuator velocity.

In this work, as aready discussed previously, a particular test arrangement was

devised. The advantages can be found in a smoother signal acquisition and a

shorter specimen which allows to reach higher strain-rates with the same actuator

velocity.
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(d) Mechanical properties evolution
In figure 5-18 the ultimate strain and the ultimate strength versus the strain-rate are

reported.
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Figure 5-18: Ultimate strength and strain versus strain-rate
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59 Resultsfor [15],

(a) Experimental curves
Three experiments were performed at 5 m/s, 10 m/s and 15m/s. The respective
strain-rates detected were 29 s, 48 st and 52 s®. Figure 519 depicts the stress:

strain curves obtained along withthe static one.
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Figure 5-19: Stress-Strain curve at different strain rate for [15]4

(b) Response and failure mechanisms
From the experimental testing the following three observations were noticed:

a) A significant increase of the strength to failure with increasing the strain-rate (up
to 64%);

b) A significant increase of the strain to faillure with increasing strain-rate (up to
54%);

¢) A significant increase of the Young's modulus (up to 33%).

As can be seen in figure 520 the failure occurs by shear preserving the fibre
orientation. In this case the composite sensitivity on the strain-rate seems to be

driven by the resin behaviour as found by Gilat et al., 2002 while testing

carbon/epoxy specimens.
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Figure 5-20: [ 15] 4 Specimen after failure

(c) Mechanical propertiesevolution

Figure 5-21 reports the plots of the Young's modulus, ultimate strain and ultimate
strength versus the strain-rate.
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5.10 Resultsfor [30]4

(a) Experimental curves
Three experiments were performed at 5 m/s, 10 m/s and 15 m/s. The respective
strain-rates detected were 23 s, 32 s and 48 s. In the following graph the stress-

strain curves obtained along with the static one are depicted.
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Figure 5-22: Sress-Strain curve at different strain rate for [30] 4

(b) Response and Failure Mechanism

From the experimental testing, the following three observations were noticed:

a) A significant increase of the strength to failure with increasing the strain-rate (up
to 60%);

b) A significant increase of the strain to faillure with increasing strain-rate (up to
65%);

c) A significant increase of the Young's modulus (up to 55%). The curves could be
approximately described by a bilinear trend as shown in figure 523 for the test at
15my/s. This consideration was used in chapter 8 for the numerical modelling of the

experiments.
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Figure 5-23: Bilinear trend approximation for test at 15m/s

As can be seen in fgure 5-24, the failure occurs by shear preserving the fibre
orientation as for the previous case. Once ggain the composite sensitivity on the
strain-rate seems to be driven by the resin behaviour, in accordance with what
Gilat et al. found.

It is interesting to note that a more significant effect of the strain rate on the
maximum stress is observed as the off-axis angle increases. For the same rate 48s™,
the ultimate stress increases 87% for 30° laminates versus 34% for 15° ones. This
seems to be in trend with what Gilat et al. observed, namely that te highest
dependence of the maximum stress and strain on the strain-rate was observed for
45° |aminates.

Figure 5-24: [30] 4 Specimen after failure

(d) M echanical propertiesevolution
Figure 5-25 reports the plots of the Young’'s modulus, ultimate strain and ultimate

strength versus the strain rate.
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Figure 5-25: Mechanical properties evolution for [30] 4
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5.11 Comparison between different fibre orientation specimens

Figure 5-26 reports the plots of the stress-strain curves for the three configurations
tested, both in the static case and at a given strain-rate (34 s* for 0°, 48 s* for 15°
and 30° configurations). It is noted that by increasing the rate of the drain the
curves become closer. This is due to the improvement of the elastic modulus,
which is more significant as the angle between fibres and load application direction

increases, owing to the improvement of the resin’s mechanical properties.

Figure 527 reports the Young's Modulus, the ultimate strength and the ultimate
strain versus the fibres angle at different strain-rates. It also shows that the
ultimate strength and strain at a given fibre-load application angle increase as the

rate of the strain increases.
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Figure 5-26: Fibre orientation influence in static (a) and at a given strain-rate (b)
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Table 5-3: Summary of the mechanical properties obtained fromthe

experiments
Mechanical Propertiesfor [O]4
StrainRate Young's Modulus Ultimate Strain Ultimate Strength
[GPa] [MPa]
0 41.2 0.0192 805
A 412 0.0231 942
66 412 0.0321 1295
75 412 0.0368 1470
Mechanical Propertiesfor [15]4
Strain.Rate Young's Modulus Ultimate Strain Ultimate Strength
[GPa] [MPa]
0 30.7 0.00505 1345
29 32.7 0.00610 149.2
48 35.2 0.00691 180.0
52 412 0.00787 224.5
Mechanical Propertiesfor [30],
Strain-Rate Young's Modulus Ultirmate Strain Ultimate Strength
[GPa] [MPa]
0 18.6 0.00235 40.49
23 21.37 0.00308 5591
32 24.25 0.00317 65.48
48 28.46 0.00382 75.68
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6 Theoretical Assessment of Material Behaviour

6.1 Introduction

Several researchers have attempted to idealise the strain rate dependent behaviour
of diverse composite materials using a network of Hookean springs and Newtonian
dashpots connected in series or parallel as discussed in the literature review. In
general, these models are too simple to accurately describe the behaviour of real
materials. More complicated models are difficult to analyse because of

considerable difficulty in determining the various constants from experiments.

Based on the output of the experimental campaign, idealy an analytica model
should be found that is capable of describing the strain-rate behaviour of
unidirectional E-glass/epoxy under diverse off-axis loads. This could be then
implemented in an f.em. code, alowing the dynamic response of genera
structures made of E-glass/epoxy to be investigated. In the following paragraphs an
approach is presented to model part of the experimental results, and it is
highlighted the need of further development of theoreticl models for E-
glass/epoxy.

6.2 Theoretical modellisation of the observed experiments
6.2.1 Empirical failurecriterion for [0],

According to the experimental results the constitutive relationship useful to
describe the overall behaviour of the material can still be s = eE. This is because
the dependence of the Young's Modulus on the strain rate is negligible. An

empirical equation capable of predicting the ultimate tensile strength of GFRP is
proposed bel ow.

From the experimental observations it was established that the ultimate strength
and strain are functions of the strain-rate. The ultimate strain varies with the strain-
rate as described in figure 5-18. The function which best describes the trend of the
ultimate strain versus strain-rate relationship is parabolic:

e, —ax’+bX+c (eq.6.1)
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where a, b, and ¢ are parameters determined experimentally, whose values are:
a=610-6<;

b=910-65

c=0.0192.

The ultimate strength at a given strain rate can therefore be obtained simply

substituting eg.6.1in
s,(e)=E»x,(€e) (eg. 6.2)
Rearranging:
s, (8) = EXaxe®+bx+0) (eq. 6.3)

gives the ultimate strength at a certain strain rate.

Figure 6-1 shows a comparison between the predicted increment in failure strength
found by use of this empirical criterion and the one made by use of a visco-elastic
model developed by Wang et al., 2005 for the same materia and by use of the
same machine but different test set-up. Both the models well describe the
respective trend of the experimental data but seem not to be in accordance with
each other. Wang et al., 2005 was developed in the range 0-64 s while 0-74 st is
the range which the current failure criterion refers to. Each moded takes the
coefficients values from the related experimental observations which are a function
of the particular test set-up and specimen geometry adopted. As a consequence,
each model will be afunction of both the test set- up and geometry adopted.
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7 Numerical Modelling of the Observed Experiments

7.1 Introduction

The goa of the numerica modelling of the experiments was to establish a
systematic methodology to describe the strain-rate behaviour of E-glass/epoxy
material. Once the validity of the modelling approach was demonstrated, this was
shown to be applicable to the investigation of more general problems where the
same type of materia is deployed. Particularly, as an ultimate objective of this
thes's, this approach was used to investigate the behaviour of the skins of a sailing-
yacht sandwich hull panel under dam loads.

Ideally, an analytical model capable of describing the strain-rate behaviour of
unidirectional E-glass/epoxy under diverse off-axis |oads should be considered and
implemented in the code utilized. The author proposed an approach, based on
assumptions explained later on, which considers the rate dependence of the
material properties found in the experimental testing, and compensates for the lack
of availability of such a model.

7.2 Choiceof theF.em. Code

The use of FEA in structural design has become common practice when a quest for
time, costs and performance optimization is required. Two commercial software
packages were adopted in the present work. ANSY S implicit solver was used for
the comparative static analysis of the hull panel. LS-DYNA was used for dynamic
analysis of the experiments, of the hull panel, and for the fluid-structure interaction
problem. LS-DYNA was chosen as it is a well suited general purpose finite
element code for dynamic analysis. Unlike ANSYS, the main solution
methodology of LS-DYNA is based on explicit time integration. Explicit analysis
refers to the numerical method used to represent and solve the time derivatives in
the momentum and energy equations. The advantage of using this methodology
can be found in the following consideratiors as discussed in NAFEMS, 2006. In an
implicit solution, global equilibrium is achieved by iteration, after which local

element variables are evaluated. The solution is therefore calculated iteratively at

every discrete time step. Providing equilibrium can be achieved, there is no limit to
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the size of the time step that can be used. Hence, implicit schemes are termed
“unconditionally stable”. Achieving global equilibrium at each time step involves
matrix factorisation however, which is computationally intensive. Analyses that are
well-suited to implicit solution techniques are static, low-speed dynamic or steady-

state transport analyses.

By contrast, explicit solution techniques evaluate local variables directly, without
the need for global equilibrium calculations, hence without iteration and without
solving a system of linear algebraic equations. The dynamic explicit approach has
the characteristic of less memory requirement and computational efficiency since
the need for a consistent stiffness matrix is obviated. Nevertheless this integration
scheme is only “conditionally stable”, that is, only very small time steps lead to a
stable solution The time step, dt, must be less than a critica value or
computational errors will grow resulting in a bad solution. The critical time step
time must be less than the length of time it takes a signdl travelling at the speed of
sound in the material to traverse the distance between the node points. The critical
time step for this problem can be calculated by dt.x = dL / ¢, where c is the speed
of the sound and dL is the distance between two nodes. More details are reported
in Appendix 1. Problems well suited to explicit solution are simultaneous large
displacement and contact problems, rapidly changing or discontinuous loading, and

rigid body motion.
7.3 Validation

Method validation is possibly the most important aspect of the finite element
method, with some typical tests described by NAFEMS, 1984.

Patch testing was found to be the easiest method of validation. It can be interpreted
as a check which ascertained whether a pattern of elements subjected to a constant
strain reproduce exactly the constitutive behaviour of material, and result in correct
stresses when it becomes infinitesimally small. If so, it can be argued that the finite
element nodel represents the real material behaviour, and in the limit, as the size
of the elements decreases would therefore reproduce exactly the behaviour of the

real structure.
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7.4 Modelling variables

The most common problem that faces the analyst is choosing the correct mesh
density as well as understanding the implication of different mesh density (Cook et
al., 1989). A too coarse mesh, chosen to save time modelling, can lead to an
overestimate of the stress. A mesh that is too fine, to improve accuracy, increases
modelling time and canlead to false results. One of the key requirements is that the
selected displacement pattern for the elements is able to produce consistent stress

fields inside the elements (Zienkiewicz and Taylor, 2000).

With this information in mind the specimen gauge length has been modelled by use
of four node shell elements. The choice of shell elements has been dictated by the
thickness of the specimen. A large number of solid elements would have been
necessary to respect their aspect ratio, compromising the computational efficiency.
The shape and the number of elements were chosen with the critical time step
requirement for explicit solver in mind. A fine mesh with square shaped shells was
then obtained. The element formulation was Belytschko and Tsay, 1981 which is
based on a combined co-rotational and velocity-strain formulation (see Appendix

1). These kinematical assumptions ensure optimal computational efficiency.

The boundary conditions were imposed such that one end of the specimen was
clamped and a prescribed motion was applied b the nodes at the opposite end
through an input velocity-time curve. The velocity-time curve was determined by
following a trial and error procedure with the main purpose being to get a similar
strain-rate in the gauge section. As schematically illustrated in figure 7-1, the
velocity profile was chosen such that by applying a constant velocity Vem to the
free end of the specimen in the finite element model, the strain-rate detected in the
gauge section was the same to the one recorded in the experiment where the
velocity Wt was applied at the actuator. Figure 7-2 depicts a scheme of the f.e.
mode.
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75 Constitutive material model

A materid model (MAT.19 in LS-DYNA's library) with strain-rate dependence
optiors developed for isotropic materials was used to describe the behaviour of the
composite under investigation (Appendix 1). The strain-rate effects are accounted
for usng Cowper and Symonds developed for metals. In MAT.19 the yield
strength, Young's modulus, tangent modulus and the falure (either with a
maximum stress or strain criterion), can be input as a function of the strain-rate.
For 0° specimens for which the stress-strain curve is linear up to failure, this model
was used considering the yield strength coinciding with the ultimate strength of the
composite material. The failure was modelled using the ultimate stress versus
strain-rate curve detected in the experiments. The Young's modulus strain-rate
dependence option was not utilized since no significant variation was observed in

the experiments.

It is argued that a isotropic materiad modd in the element formulation is valid in
this context since the structure is a slender one with high aspect ratio, with
response in the long span direction being dependent principally on the materia
properties in that direction. The implicit assumption is that Poisson’s effect owing
to properties in the transverse direction are neglected. This is in accordance with
Okoli and Smith, 2000 findings.
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Figure 7-1: Correlation scheme of physical and numerical model
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LE-DHA LEER INPUT

SHRAN M ASAIREME NT

Figure 7-2: Scheme of the f.e.m. model

7.5.1 Numerical smulation of [0], laminates

The force-time, strain-time and the resulting stress-strain graphs are reported both
for the numerical and experimental cases. Figure 7-3 depicts the stress distribution
a 34 st when failure starts to take place. Elements are deleted when they reach the
ultimate strength and these are graphically represented in white. The graphs in
figure 7-4 show a comparison between the experimental and numerical variables
for the same value of the strain rate. The numerical stress-strain curve was plotted
calculating the force in the same way as for the real experiment to achieve an
accurate comparison. The force was measured in the nodes of the clamped end and
the strain reading was taken in the gauge length. The numerical curves seem to
reflect the behaviour observed in the experiments. This confirms the validity of the
assumption made on the use of the material model developed for metals.
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Figure 7-3: Sress Distribution for [0]s @ 34 s*
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7.5.2 Numerical Simulation for Off-Axis Configurations

The numerical analysis of the 15° and 30° specimens was based on the same
material model and assumptions used for the 0° case. The stress-strain behaviour
for 30° specimens was approximated to be bi-linear. The yield stress has been
identified from the experimental curves at different rates, and the strain-rate
dependence of the Young modulus, the tangent modulus and the ultimate strength
has been considered.

The force-time, strain-time and the resulting stress-strain graphs are reported both
for the numerical and experimental cases. Graphs shown in figures 7-5 and 7-6
depict the comparisons between the experimental and numerical variables at a

given strain-rate respectively in the 15° case and 30° case.
753 CurvesAnalyss

By looking at the graphs, experimental and numerical curves seem to be in
accordance especidly for the 0° tests.

It may be argued that the assumption made on the material model is more realistic
in the 0° case. In contrast for off-axis configurations, the response dependence on
the transverse properties can be more significant. Nevertheless, the numerical
curves produced still match reasonably well the relative experimental ones.
Discrepancies are noted as the off-axis angle increases and may be due to the
assumptions made.

As a conclusion, the approach used in this chapter is suitable for modelling
unidirectional composite materials when the applied load direction is known a
priori. ldeally, a constitutive material model for orthotropic materials, allowing for
incorporation of the dtrainrate effects, should be considered to predict the

behaviour of more complex structures and loading scenarios.
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8 Theoretical investigation of a Hull Panel under slam
loads

8.1 Introduction

This chapter presents a theoretical investigation of a sandwich hull panel under
dam loads bearing in mind the knowledge acquired on the dynamic properties of
E-glass/epoxy developed in chapters 5, 6 and 7. Stresses and deformations were
evaluated considering their dependence on the strainrate. With this in mind, a
theoretical study was conducted on an E-glass/epoxy sandwich panel cored with
SAN (Styrene Acrilo-Nitrile) polymeric foam, using the DK46 sailing-yacht as a
case study. As described previously, a sandwich panel is one made of two stiff
strong skins separated by a lightweight core material. The bending and the in-plane
stresses are mainly carried by the faces, whereas the shear stresses are taken by the
core (Zenkert, 1995). In the experimental part the in-plane dynamic properties of
E-glass/epoxy material were investigated as these are the key properties of interest
in sandwich structures where composites are deployed in the skins. Polymeric
foams usually do not show significant dependence on the strain-rate at the strain-
rate ranges concerned with this application (Saha et a., 2005; Mahfuz et al., 2006).
It was therefore viable to limit the strain-rate analysis of such sandwich panel to
the skins. The purpose of the investigation was to understand, by comparing the
results with static based approaches, how the dynamic mechanical properties of the
materials influenced the overal panel response. This analysis allows for a better
understanding of the response of sailing yacht structures under slam loads and

eventually for their design to be improved.
Thisstudy was conducted in the following steps:

a) Firstly, a finite element analysis, smulating the hull-water impact typical in a
slamming phenomenon was carried out on the yacht under consideration in order
to evaluate the pressure-time distribution over the hull panel, namely the slam load.

b) Dynamic numerical smulation of the sandwich panel under investigation was
performed at a ply level. The panel was subject to the pressure-time load evaluated
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in point a). The strainrate characteristics of the material assessed in the
experimental testing were considered. Consequently a strain-rate analysis was
carried out and the stress distribution eval uated.

c) A static f.e.m. analysis of the panel, based on 1SO design rules, was run to assess

the stress in each ply.

d) A comparison between dynamic and static results was proposed and discussed.

8.2 Determination of Slam Loads by fluid-structure interaction
simulation

The aim of this simulation was to assess the time-pressure distribution on the area
of the hull affected by the slamming phenomenon. This was achieved by using the
fluid-structure interaction modelling capabilities available in LS-DYNA. The
suitability of the software to mode these kind of problems has already been
investigated and validated by Le Sourne et a., 2003 by successfully modelling
experimental drop tests performed on cylinder and \+shaped bodies by Zhao et 4.,
1997.

8.2.1 Modelling Approach

Experimental observations led by Manganelli et al., 2003 showed that the hull
experiences the highest samming pressure in the flat bottomed area located in
front of the keel. For this reason, only the part of the hull from the keel to the bow
was modelled. Figure 81 shows the hull metal grid structure with the contour of
the panel under examination indicated by the number 1. Perfect bonding was
ensured between the grid and the hull such that a fixed edges condition could be

assumed for the pandl.
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Figure 8-1: Grid structure and panel under investigation

A purely Lagrangian approachto model both hull structure and water, was initially
considered since it may capture the initial impact accurately. But as the structure
moves into the fluid, high element distortion takes place leading to numerical
instability.

For this reason, the ALE (arbitrary LagrangianEulerian) method within LS
DYNA explicit finite element code was used. Olovsson and Souli, 2000, 2001 and
Souli et al., 2003 demonstrated to be a suitable method to describe fluid-structure
interaction problems. The feature of this method is to adopt two mesh types in the
analysis. The Lagrangian mesh, associated with the typical finite element analysis
is used to model the material impacting the fluid. This mesh deforms as it responds
to the loading and the boundary conditions in the analysis. The Eulerian mesh is
used to model the fluids, water and air in this study, and remains fixed throughout
the analysis tracking material as it moves through the mesh.

The hull was modelled with shell Lagrangian e ements whereas the water and the
air were modelled by lid Eulerian elements. Similar size was adopted for fluid
and structural elements to ensure the best coupling quality as verified by Olovsson
and Souli, 2001. An air region was considered to accommodate the splash effect of
the water. Polynomial equatiors of state were considered to describe the fluids
behaviour (Appendix 1). To avoid reflection of the pressure waves by the walls of
the virtual tank, an outflow boundary conditionwas considered.

The hull part, excluding the panel, was modelled as a rigid body. Elements which
are rigid are bypassed in the element processing and no storage is allocated for
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Figure 8-2 depicts the fluid-structure model.

(Bensonand Hallquist, 1986).
The panel was modeled as an elastic material and the elastic modulus and thickness

storing history variables; consequently, the rigid material type is very cost efficient
of the elements were chosen such that the same bending stiffness of the laminate
under investigation was obtained. The same approach was followed by Manganelli

et al., 2003 in experimental drop tests on a racing sailing- yacht open 60.
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Figure 8
60 racing yacht during an ocean race in severe sea conditions. The values were

scaled down to account for the dimensions and the performances of the hull

considering those measured by Manganelli and Wilson, 2001 on a full scale Open
studied.

The boundary conditions considered were vertical impact velocity and forward
velocity (2.3 m/s and 4.3 m/s respectively). These values were determined
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—— e —— — _—

7 2 2 4

Figure 8-3: Water entry of the hull in four different time step

The simulation was run for 0.15 seconds. The pressure on the whole panel was
calculated as the average pressure acting on each element of the panel. Results of
pressure-time distribution are reported in figure 8-4. The peak pressure acts for less
then 3 msec and is detected when the hull first touches the water (step 1 figure &
3). The pressure then stabilizes to values close to 100 kPa and drops as the boat
looses its vertical velocity.
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Figure 8-4. Sam pressure-time distribution

Similar pressure-time trends were found by Hentinen and Holm in slamming
experimental tests on a full scale 9.4 m long sailing yacht and by Manganelli et al.
in experimental scale model testing of an Open 60. The peak pressure values found
by Hentinen and Holm, 1994 and Manganelli et a., 2003 were respectively lower

and higher than the one detected in this work. This was in accordance with the
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different dimensions of the boats considered, confirming that the modelling
approach followed leads to significant results.

The pressure-time distribution curve calculated, emulating the effect of the impact
hull bottomwater surface, was then used in the dynamic analysis of the sandwich

panel under examination.

8.3 Strain-rate analysis of the panel under slam pressure

8.3.1 Modelling of the panel
Dimensions and geometry were obtained by the designer who provided the needed

CAD drawings. These were imported in LS-DYNA alowing the panel to be
modelled layer by layer (figure 8-5). The sandwich was composed of a five plies
outer skin and five plies inner skin. The skins were made of a combination of
woven and unidirectional Eglass/epoxy layers. The unidirectional layers formed
an angle of (°, +30° and -30° with the shorter span of the panel. The core material
utilized was SAN (styrene acrilonitrile) polymeric closed cell foam. Material stack
seguence is reported in table 8-1. Solid elements were used as the most suitable to
describe three dimensional stresses and deformation fields (Norrie and Devries,

1978). These elements can be modelled as isotropic, orthotropic or anisotropic.

Figure 8-5: Sandwich panel modelling
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Layers (outer skin) | Layers (inner skin)
N Type N Type
1 Woven 6 uD +30
2 ubo 7 ubo
3 UD +30 8 UD -30
4 ubo 9 ubo
5 UD -30 10 Woven

Table 8-1: Panel stacking sequence

Due to the rectangular aspect of the panel, cylindrical bending takes place under
lateral pressure (Smith 1990). Practically, the predominant response can be
considered along the direction of the shorter span. It is argued that under this
hypothesis, the material model used in chapter 7 is still suitable to describe the
response of the layers made of unidirectional Eglassepoxy forming an angle of
+30° with the direction of the shorter span (x direction in figure 8-6). This
assumption is most viable in central sections of the panel.

Belingardi and Vadori, 2002 verified that woven E-glass/epoxy strain-rate
sensitivity is negligible at rates of strain concerned with this application It was
therefore practical to model the woven layers by using an orthotropic material
model based on their static materia properties. The same material model was used
to describe unidirectional layers forming a 0° angle with the shorter span. As
verified in the experiments, the modulus of elasticity was not affected by the
strain-rates. As a result the static constitutive equation was till valid to describe
their behaviour.

It has to be pointed out that the numerical investigation of the hull panel was led by
assuming that the behaviour of E-glass/epoxy was the same in tension and
compression as already discussed in chapter five. It can be disputed that in a
sandwich panel under lateral loads, the inner skin undergoes tensile deformations
while the outer skin undergoes compressive deformations. In addition, both skins
may be under compression depending on the curvature of the panel. Ideally, the
dynamic properties of the material both in compression and tension should be

known while modelling composite structure problems. The assumption made was

90



Chapter 8

practical considering that Rozicky, 2000 did not note significant difference
between tensile and compressive response while testing the same material

statically and at lower strain-rates.

8.4 Resultsanalysis

The simulation was run for 0.05 seconds as after this time the pressure stabilizes
towards the hydrostatic pressure (figure 8-4).

From the general response of the panel to the applied time-pressure load, no
reaction to the initial peak load was noted. The duration of the pesk is so small
(around 3 msec) that the panel does not have the time to perceive the load and
deform accordingly. This was in agreement with experimental observations by
Hentinen and Holm, 1994 and Manganelli et al., 2003.

In-plane strain-rate values were computed in the composite skins. Strain-rates top
values achieved in the composite skins ranged between 25 st and 40 s?. The
highest values were found in the centre of the outer skin part of the pand in the
short span direction whereas in the long span direction they were found to be
around four times lower. The maximum strain-rate values registered in the inner
skin varied between 5st and 28 s (figure 86). Figure 86 and 8-7 show the
strain-rate values in the shorter span direction, for a 30° layers in the inner and
outer skin respectively, in six different positions from the edge towards the centre
of the panel. These layers are the most crucial as they are the closest to their
ultimate failure. In Particular, layer 8 at -30° in the inner skin was the closest to its
ultimate strength.
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Figure 8-6. Srain-rate for ply 8 at -30° at different position in x direction
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Figure 8-7. Srain-rate for ply 3 at +30° at different position in x direction

The highest stresses and strain were also found to be in the short span direction in

accordance with the cylindrical bending effect. Figures 8-8 and 8-9 report the von

Mises versus time plots for the same plies as per figure 8-6 and 8-7, in six different

positions from the edge towards the centre of the panel. The highest von-Mises

stress was detected in the centre of the panel for the outer skin layers and was

mainly due to the compressive deformation of the outer skin in the short span

92



Chapter 8

direction. For the inner layer, the highest stress was in proximity of the clamped

edge. Figure 810, 811 and 812 report the stress plots for al the plies and the
core.
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Figure 8-8: Von-Mises Sress for ply 8 at -30° in different elementsin x direction
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Figure 8-12: Von-Mises stress plots for plies 10, 9, 8, and 7.
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Figure 8-13: Von-Mises plots for plies 6, 5, 4 and core
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Figure 8-14:Von-Mises plots for plies 3, 2 and 1
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By looking at the strain-rate time and stress plots for £30 deg layers, it is noted that
after the peak load, both stress and strain-rate start to increase. When the applied
pressure load starts to decrease (t = 0.025 ), stress and strain reach their peak
values, while the strain-rate goes to zero (being the derivative of the strain with
respect to the time). The strain-rate restarts to rise as the panel recovers its initial
shape. In light of this, it can be said that during the loading and unloading phases a
stiffening effect is noted for layers at 30°, as they deform at rates of strain up to
36s?, values for which their Young's modulus was found to improve. As a result,
the difference in stiffness between adjacent 0° and 3° layers is reduced and
consequently it is the interlaminar stress. This can represent an important aspect
regarding fatigue issues. All boats are subject in their lifetime to repetitive
slamming loads which result in cyclic interlaminar stresses in the skins of their
sandwich structures. The reduction of the difference in Young s modulus between
diverse off-axis unidirectional layers, due to strainrate effects, may result in
improved fatigue behaviour. Numerous sandwich core failures observed during the
end of Whitbread race took place during conditions which were not as heavy as
those encountered during the whole race. This demonstrates that depending on
their intensity and their frequency of occurrence, slamming loads can produce a
structural failure either due to fatigue or because of the maximum stress being
exceeded.

8.5 Comparison with Static Analysis

As anticipated in chapter two, nowadays boats are designed following the 1SO
standards rules which are based on a static approach. The following rules were
applied to the yacht under consideration to calculate the dimensioning pressure
load. Subsequently a static f.e. analysis was run on the panel by using ANSYS

implicit finite element code. Finally results were compared with the dynamic

anaysis.
| SO standards state that the sailing craft bottom pressure (Pps) IS the greatest of:
I:z)s = Pbsbase)ks*(l xfw (eq81)
P, =10xT_ +0.83x , 4, (eq.8.2)
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Where
P

 bace = 30X, +1.8x,,, +19.4 (eq.8.3)
T¢ is the maximum draft of the canoe body, Ly the length of the hull and §, a
design category factor. According to this equation, the pressure value relative to
the DK 46 panel under investigation was calculated to be 46.8 kN/nf. This pressure
was applied to the panel for a static numerical ssimulation by use of ANSYS. The
pand was modelled in three dimensions layer by layer by means of SOLID45, 8
nodes element. Composite layers were modelled by a linear orthotropic material
model, whereas the core material was modelled by an isotropic materia model. A
first linear static simulation was run as a trial to assess if the structure was
characterized by large deflections. The deflection of the panel registered was very
small (1.17*10°m) if compared to the thickness of the panel, showing the absence
of geometric nonlinearities and confirming that a linear analysis was adequate in
this case. Maximum von-Mises stresses are reported in table 8.1 for both the static

and the dynamic simulations. Relative plots are reported in Appendix 2.

Layers Von Mises Stress[M Pa]
N  Type ANSYS DYNA
1 Woven 13.9 34.5
2 uboO 37.8 58.9
3 UD +30 14.9 23.8
4 ubD O 37.9 60.4
5 UD -30 14.2 234
Core  SAN 15 21
6 UD +30 16.9 26.3
7 Uubo 38.9 58.9
8 UD -30 171 26.8
9 Uubo 39.0 63.2
10 Woven 219 38.2

Table 8-2: Comparison static and dynamic Von-Mises stresses
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8.6 Discussion

By comparing the results from static and dynamic simulations, the following
considerations can be drawn. The static analysis was carried out considering the
dam pressure as an equivaent static load. In comparison, for the dynamic analysis
area pressure-time curve obtained by f.s.i. simulation was used. Stresses in the
dynamic case were found to be higher than those predicted by the static case. The
deflection was noted to be 1.82* 10m in the dynamic and 1.17 *10> m in the static
case. The static analysis shows that the panel is built with a safety factor of 2.3
whereas the dynamic analysis shows a factor of 1.49. As a conclusion the static
approach design was thought to be more conservative than it really is. From a
deeper look into the f.em. dynamic analysis the following observation can be
suggested. The panel theoretical study showed that where laminates are used in
conjunction with off-axis layers, the advantageous strain-rate properties of
unidirectional composites along their fibre direction are not utilized. This is
because their Young s modulus is not strainrate sensitive. In other words, the
laminate does not benefit from their improvement in ultimate strength as other
layers reach their ultimate limit earlier. On the contrary, when used in off-axis lay-
up they benefit from a stiffness improvement which is more tangible as the off-axis
angle increases. As a result, the difference in stiffness between adjacent (° and 30°
layers is reduced and consequently the interlaminar stress is also reduced.
Interlaminar movements are therefore more limited and crack initiation and
propagation can be delayed. This can represent an important aspect regarding
fatigue issues. All boats are subject in their lifetime to repetitive samming loads
which result in cyclic interlaminar stresses in the skins of their sandwich structures.
The reduction of the difference in Young s modulus between diverse off-axis
unidirectional layers due to the strain-rate effects, may result in improved fatigue

behaviour as the relative movement between different layersis reduced.

Based on the static and dynamic f.em. comparative study, it can be said that from
a performance point of view, there is room for improvement in terms of lighter
structures to be designed. From the comparison between static and dynamic f.e.m.

observations, it was noted that the structural design can be optimised using a
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methodology based on the following fundamental steps. Firstly, the slam loads to
be used in dimensioning the structure have to be predicted by fluid-structure
interaction simulations. Then a first design tria has to be conducted and
subsequently stresses have to be assessed by dynamic numerical simulation
considering the strain-rate properties of the materials used. In thisway the margin
from the stress to failure of the structure is evaluated. Further design trials can be
conducted by varying dimensions or lay-up sequence until a minimum safety factor
is achieved.

Depending on their intensity and their frequency of occurrence, slamming loads
can produce a structural failure either due to fatigue or because of the maximum
stress being exceeded. The design methodology proposed, based on the knowledge
of the dynamic properties and the use of f.e.m. tools, focused on investigating
structural failures due to the maximum stress being exceeded. Nevertheless, in
light of the considerations on interlaminar stress dependence on the strain-rate, it is
suggested that fatigue failure should be investigated adopting a similar
methodology. The knowledge of unidirectional Eglass/epoxy dynamic properties
should be extended to more off-axis configuration for a full characterization of
their behaviour. An adequate congtitutive model capable of describing the strain
rate behaviour of unidirectional Eglass/epoxy under diverse off-axis loads should

be considered and implemented in the code utilized to obtain more accurate results.
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9 Conclusions and further work

9.1 Summary

This project aimed to provide a comprehensive overview of the dynamic response
of a GRP sailing yacht sandwich hull panel subjected to slam loads. The
overarching aim was to assess the influence of the dynamic properties of the
materials utilized on the overall response of the panel. This was achieved as
described in the following summary.

An experimental strain-rate campaign was conducted to assess the dynamic
properties of unidirectional E-glass/epoxy. Within this campaign, a novel approach
was proposed to conduct tensile strain-rate testing on composite materials by
means of a servo-hydraulic machine fitted with a test rig purposely designed by the
author. The material behaviour was characterized under diverse configurations
used in yacht construction and over a strain-rate range typical of boats applications.
Unidirectional E-glass/epoxy were noted to improve their ultimate strength and
strain to failure more than two times the static value in all the configuration tested.
In particular, an increase of up to 55% of the Young modulus was noted for off-
axis configurations.

A systematic methodology was then proposed to describe the strain-rate behaviour
of the material by LS-DYNA explicit finite element code. This methodology was
subsequently applied to examine the response of a hull panel to a slam load.

The ALE (arbitrary Lagrangian-Eulerian) method, within LS-DYNA code, was
used to model the fluid-structure interaction slam problem and to assess the
relative entity of the load to be applied in the panel analysis. A static finite element
analysis was also carried out based on the loads suggested by ISO design rules.
ANSYS implicit finite element code was utilized for this purpose. Results were
compared with the dynamic approach presented and the conservativeness of the

static method was highlighted.
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9.2 Modelling uncertainties

Representation of the experimental results in the numerical studies saw some
assumptions and restrictions.

A constitutive model developed for isotropic materials which accounted for the
strain-rate effects was used to describe the behaviour of unidirectional E-
glass/epoxy observed in the experiments. It was argued that an isotropic material
model in the element formulation was valid in this context since the structure was
slender with high aspect ratio, with response in the long span direction being
dependent principally on the material properties in that direction. The implicit
assumption was that Poisson’s effect owing to properties in the transverse direction
were neglected. The use of this model was limited to describe the dynamic
behaviour of the laminates only in the direction for which the properties of
composites were observed. The skins of the sandwich panel were modeled by
using this approach, with the argument that the predominant deformations were in
the direction of the shorter panel span, with which the layers formed 0° and 30°
angles as for the tested configurations. This approach is applicable only for panels
having high long/short span aspect ratio. Ideally, an orthotropic material model
capable of describing the strain-rate behaviour of unidirectional E-glass/epoxy
under diverse off-axis loads should be considered and implemented in the code
utilized.

Mechanical properties of E-glass/epoxy properties were assumed to be similar in
tension and compression. This assumption was based on Rozicky’s observations
from testing the same material in tension and compression at low strain-rates.
Strain-rate properties of woven E-glass/epoxy were not part of the materials
investigated experimentally in this research. It was generally verified (Belingardi
and Vadori) for woven E-glass/epoxy that their strain-rate sensitivity is negligible
at rates of strain concerned with this application. It was therefore practical to
model the woven layers of the panel by using an orthotropic material model based

on static material properties.
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9.3 Conclusions and further work

The following conclusions were drawn after this study.

Developing the knowledge of both the dynamic properties of the materials and the
use of tools such as explicit finite element codes was shown to be a valid approach
to optimise the design of sailing structures under slam loads. A first step to account
for composite strain-rate dependence in dynamic analysis by using LS-DYNA
explicit finite element code was proposed. The use of ALE method within LS-
DYNA code was verified to be suitable for the characterization of the slam loads.
From the comparison between static and dynamic f.e.m. observations it was
established that the structural design can be optimised by following a methodology
based on these fundamental steps. Firstly, the slam loads to be used in
dimensioning the structure have to be predicted by f.s.i. simulations. Then a first
design trial has to be conducted and subsequently stresses have to be assessed by
dynamic numerical simulation considering the strain-rate properties of the
materials used. In this way the margin from the stress to failure of the structure is
evaluated. Further design trials can be conducted by varying dimensions or lay-up
sequence until a minimum safety factor is achieved.

The panel theoretical study showed that where laminates are used in conjunction
with off-axis layers, the advantageous strain-rate properties of unidirectional
composites along their fibre direction are not utilized. This is because their Young
modulus is not strain-rate sensitive. In other words, the laminate does not benefit
from their improvement in ultimate strength as other layers reach their ultimate
limit earlier. On the contrary, when used in off-axis lay-up they benefit from a
stiffness improvement which is more tangible as the off-axis angle increases. As a
result, the difference in stiffness between adjacent 0° and 30° layers is reduced and
consequently it the interlaminar stress is also reduced. Interlaminar movements are
therefore more limited and crack initiation and propagation can be delayed. This
can represent an important aspect regarding fatigue issues. All boats are subject in
their lifetime to repetitive slamming loads which result in cyclic interlaminar
stresses in the skins of their sandwich structures. The reduction of the difference in

Young modulus between diverse off-axis unidirectional layers due to the strain-
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rate effects, may result in improved fatigue behaviour as the relative movement
between different layers is reduced.

Depending on their intensity and their frequency of occurrence, slamming loads
can produce a structural failure either due to fatigue or because of the maximum
stress being exceeded. The design methodology proposed, based on the knowledge
of the dynamic properties and the use of f.e.m. tools, focused on investigating
structural failures due to the maximum stress being exceeded. Nevertheless, in
light of the considerations on interlaminar stress dependence on the strain-rate, it is
suggested that fatigue failure should be investigated adopting a similar
methodology.

The knowledge of unidirectional E-glass/epoxy dynamic properties should be
extended to more off-axis configurations for a full characterization of their
behaviour. An adequate constitutive model capable of describing the strain-rate
behaviour of unidirectional E-glass/epoxy under diverse off-axis loads should be

considered and implemented in the code utilized.
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APPENDIX 1. LS-DYNA governing equations and
material models

Preliminaries

Consider the body shown in Figure Al-1. We are interested in time-dependent
deformation in which a point in b initially at Xa (a = 1, 2, 3) in a fixed rectangular
Cartesian coordinate system moves to a point xi (i = 1, 2, 3) in the same coordinate
system. Since a Lagrangian formulation is considered, the deformation can be

expressed in terms of the convected coordinates Xa, and time t

‘Tr' = ‘TI ( ‘11:1 * f}l

(eq.Al.1)
At time t = 0 we have the initial conditions
(X 0) = X, (eq.A1.2)
(X 0) = V(X ) (eq.A1.3)
where Vi defines the initial velocities.
X 3] X3
=0
op
B J
- - Xl
Figure Al-1: Notations
Governing equations
We seek a solution to the momentum equation:
Oy ¥ P = PY, (eq.Al4)
satistying the traction boundary conditions:
Oy, = 1,(7) (eq.A1.5)
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on boundary 0b1, the displacement boundary conditions

x,(X,.0) = D(1) (eq.A1.6)

on boundary b2, the contact discontinuity
(Cf - o’)n =0
i U (eq-A1.7)
Here G ijis the Cauchy stress, p is the current density, f is the body force density,
X' is acceleration, the comma denotes covariant differentiation, and nj is a unit

outward normal to a boundary element of ob.

Mass conservation is trivially stated

PY = py (eq.A1.8)
where V is the relative volume, i.e., the determinant of the deformation gradient
matrix, Fij,

— C).T:-

bdX (cq.A1.9)

and po is the reference density. The energy equation
E=Vs,e, —(p+q)V (cQAL10)

is integrated in time and is used for equation of state evaluations and a global
energy balance. In Equation (A.1), sij and p represent the deviatoric stresses and

pressure,

S; =0y + (_P + G)Gg (eq.Al.11)

1 - 1
P= _;G{;‘ag — 4= _EGM,“ —q
- (eq.A1.12)

respectively, q is the bulk viscosity, dij is the Kronecker delta (8ij = 1 if i = j;
otherwise dij = 0) and €’ijis the strain rate tensor. The strain rates and bulk viscosity
are discussed later.

We can write:

J‘v(pff 0, - pf)éixs.a’u + Jabl (Ur;-"”j — 1, jﬁxrds
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+ J‘%(gﬁf -0, )?rJ,.ﬁxjds =0 (3AL13)

where 0xi satisfies all boundary conditions on 0b2, and the integrations are over the

current geometry. Application of the divergence theorem gives

J (Gji{sxf )_\ dU = J O-J.” 5'\’:({6 +J ((’_le-_ — JE'"_ )” 51}(’,5‘
p A D J as, Y ap VY S (eq-Al.14)

and noting that
(0,0x,),, 0, &, =00, (eq.A1.15)

leads to the weak form of the equilibrium equations:

O = L pX, ox,dv + Jvaﬁ.éxudv — J'U pfidx.dv— Iab] tox,ds =0

(eq.Al1.16)
a statement of the principle of virtual work.
We superimpose a mesh of finite elements interconnected at nodal points on a

reference configuration and track particles through time, i.e.,

i

(X, 1) = x,(X(En.0)1) = D0, (Em ) (1)
j=1 (eq.A1.17)

where ¢j are shape (interpolation) functions of the parametric coordinates (&,1,8), k
is the number of nodal points defining the element, and is Xijthe nodal coordinate
of the jth node in the ith direction.
Summing over the n elements we may approximate 3 with
on = iﬁ}rm =0
m=1 (eq.A1.18)

and write

i “L px, D" dv +Jv, o, Pdv - IL,, pfiddv - Jabl,ff(pf’d,g} -0

m=1

(eq.A1.19)
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where

P — (o ¢ Coam
i (.*'1)1:(#)2:----}(."'),:-:.

(eq.A1.20)
In matrix notation Equation (A.19) becomes
E{j pN'Nadv+[ B'odv-[ pNbdv-[N't cf.s*} =0
m=1 Unm Unm Upy 3.7}] (eq.Al .2 1)
where N is an interpolation matrix, o is the stress vector
o' = (Oxx, Oyy. Ozz. Oxy. Oyz, Ozx) (eq.A1.22)
B is the strain-displacement matrix, a is the nodal acceleration vector
a, |
T 1 ﬁ.}'l
X, |=N =Na
X, a,
a.
L5 (eq.A1.23)
b is the body force load vector, and t are applied traction loads.
ya .
b=\|f 1, t=|t,
f 3
= = (eq.A1.24)

109



Appendix 1

Solid Elements

For a mesh of 8-node hexahedron solid elements, Equation (A1.17) becomes:

% (Xt) = 5 (X (Em ) = X6, (En )5 ()
The shape function ¢ j is defined for the 8-node hexahedron as

1 f g L P
o =—(1+E&E )1+ nn.J(1+C
gt ! -)( [ /) (eq.A1.26)
where &j, mj, {j take on their nodal values of (+1, £1, £1) and Xj is the nodal
coordinate of the jth node in the ith direction (see Figure A1.2).

For a solid element, N is the 3 x 24 rectangular interpolation matrix give by

o 0 0 ¢ 0O - 0 0]
N(End)={0 ¢ 0 0 ¢, - ¢ 0]
DO a 00 el a2
G is the stress vector
6= (Oxx. Oyy, Ozz. Oxy, Oyz, Ozx) (eq.A1.28)
B is the 6 x 24 strain-displacement matrix
-5 -
— 0 0
dx
d
0 =
2
0 0 %
dv  odx
0o 2 92
dz o
0
| o Al (eq.A1.29)
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Node
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Figure A1-2: 8 node solid hexahedron element
In order to achieve a diagonal mass matrix the rows are summed giving the kth

diagonal term as

My, = Lp@ki_ ¢.dv = Lpg")krfu
i=1

since the basis functions sum to unity.

(eq.A1.30)

Terms in the strain-displacement matrix are readily calculated. Note that

99, _ 99, x99, Iy 9, 9z
dE dx dE dv I Iz IS
a0, ‘9‘-°f£+a@fi+@a:

M dxadn dvdn =y
do,  do, dx N a9, dy N dp, d=

i

o dx I I 9z (cq.A13])
which can be rewritten as
90, | [oxdvaz]|de | [
9E | | 9E 9E 9 || v Jx
99, |_|x v 9z || 9o, |_ | 9,
| |dmadndn||adv Ay
9, | | Ix dy oz || de, 99,
90| [0 I aC| o= | [ oz ] (eq.A1.32)
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Inverting the Jacobian matrix, J, we can solve for the desired terms

A
dx dE
do. 1| 9o,
it By QU st
dy an
d |
oz dl

L - L - (eq.A1.33)

Belytschko-Lin-Tsay Shell

The Belytschko-Lin-Tsay shell element ([Belytschko and Tsay 1981], was
implemented in LS-DYNA as a computationally efficient alternative to the
Hughes-Liu shell element. For a shell element with five through-the-thickness
integration points, the Belytschko-Lin-Tsay shell elements requires 725
mathematical operations compared to 4066 operations for the under integrated

Hughes-Liu element. The selectively reduced integration formulation of the
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Hughes-Liu element requires 35,367 mathematical operations. Because of its
computational efficiency, the Belytschko-Lin-Tsay shell element is usually the
shell element formulation of choice. For this reason, it has become the default shell
element formulation. The Belytschko-Lin-Tsay shell element is based on a
combined co-rotational and velocitystrain formulation. The efficiency of the
element is obtained from the mathematical simplifications that result from these
two kinematical assumptions. The co-rotational portion of the formulation avoids
the complexities of nonlinear mechanics by embedding a coordinate system in the
element. The choice of velocity strain, or rate of deformation, in the formulation
facilitates the constitutive evaluation, since the conjugate stress is the more
familiar Cauchy stress. We closely follow the notation of Belytschko, Lin, and
Tsay in the following development.

Co-rotational Coordinates

The midsurface of the quadrilateral shell element, or reference surface, is defined
by the location of the element’s four corner nodes. An embedded element
coordinate system (see Figure A1-3) that deforms with the element is defined in
terms of these nodal coordinates. Then the procedure for constructing the co-
rotational coordinate system begins by calculating a unit vector normal to the main

diagonal of the element:

é3 = 2 (eq.A1.34)

|
H 53H — '\.-":I 5'321 1 332 N 3323 (eq.A1.35)
S3 T I3] X142 (eq.A1.36)

where the superscript caret (™) is used to indicate the local (element) coordinate
system. It is desired to establish the local x axis "X approximately along the element
edge between nodes 1 and 2. This definition is convenient for interpreting the
element stresses which are defined in the local X"-y" coordinate system. The
procedure for constructing this unit vector is to define a vector si that is nearly

parallel to the vector 1, viz.
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5= 1 — (7316 )6 (eq.A1.37)

(eq.A1.38)

L
(=]

e

\

Figure A1-3: element coordinate system

The remaining unit vector is obtained from the vector cross product

L (eq.A1.39)
If the four nodes of the element are coplanar, then the unit vectors el and e2 are
tangent to the midplane of the shell and e3 is in the fiber direction. As the element
deforms, an angle may develop between the actual fiber direction and the unit

normal e3. The magnitude of this angle may be characterized as

és-f—l|-::5

(eq.A1.40)
where f is the unit vector in the fiber direction and the magnitude of d depends on
the magnitude of the strains. According to Belytschko et al., for most engineering
applications acceptable values of d are on the order of 10-2 and if the condition
presented in Equation A1.21 is met, then the difference between the rotation of the
co-rotational coordinates e and the material rotation should be small.

The global components of this co-rotational triad define a transformation matrx
between the global and local element coordinate systems. This transformation
operates on vectors with global components A = (Ax, Ay, Az) and element

coordinate components and is defined as;
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A

{4} = r’ly [ =le, e,

4,

- ) - [T 4]

(eq.A1.41)

where eix, eily, eiz are the global components of the element coordinate unit

vectors. The inverse transformation is defined by the matrix transpose, i.e.;

{j} = [u] {4}

Simplified Arbitrary Lagrangian-Eulerian

(eq.A1.42).

Arbitrary Lagrangian-Eulerian (ALE) formulations may be thought of as

algorithms that perform automatic rezoning (Winslow 1966, 1990). Users perform

manual rezoning by

1. Stopping the calculation when the mesh is distorted,
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2. Smoothing the mesh,

3. Remapping the solution from the distorted mesh to the smooth mesh.

An ALE formulation consists of a Lagrangian time step followed by a “remap” or
“advection” step. The advection step performs an incremental rezone, where
“incremental” refers to the fact that the positions of the nodes are moved only a
small fraction of the characteristic lengths of the surrounding elements. Unlike a
manual rezone, the topology of the mesh is fixed in an ALE calculation. An ALE
calculation can be interrupted like an ordinary Lagrangian calculation and a
manual rezone can be performed if an entirely new mesh is necessary to continue
the calculation.

The accuracy of an ALE calculation is often superior to the accuracy of a manually
rezoned calculation because the algorithm used to remap the solution from the
distorted to the undistorted mesh is second order accurate for the ALE formulation
while the algorithm for the manual rezone is only first order accurate.

In theory, an ALE formulation contains the Eulerian formulation as a subset.
Eulerian codes can have more than one material in each element, but most ALE
implementations are simplified ALE formulations which permit only a single
material in each element. The primary advantage of a simplified formulation is its
reduced cost per time step. When elements with more than one material are
permitted, the number and types of materials present in an element can change
dynamically. Additional data is necessary to specify the materials in each element
and the data must be updated by the remap algorithms.

The range of problems that can be solved with an ALE formulation is a direct
function of the sophistication of the algorithms for smoothing the mesh. Early ALE
codes were not very successful largely because of their primitive algorithms for
smoothing the mesh. In simplified ALE formulations, most of the difficulties with
the mesh are associated with the nodes on the material boundaries. If the material
boundaries are purely Lagrangian, i.e., the boundary nodes move with the material
at all times, no smooth mesh maybe possible and the calculation will terminate.
The algorithms for maintaining a smooth boundary mesh are therefore as important

to the robustness of the calculations as the algorithms for the mesh interior.

116



Appendix 1

The cost of the advection step per element is usually much larger than the cost of
the Lagrangian step. Most of the time in the advection step is spent in calculating
the material transported between the adjacent elements, and only a small part of it
is spent on calculating how and where the mesh should be adjusted. Second order
accurate monotonic advection algorithms are used in LS-DYNA despite their high
cost per element because their superior coarse mesh accuracy which allows the
calculation to be performed with far fewer elements than would be possible with a
cheaper first order accurate algorithm.
The second order transport accuracy is important since errors in the transport
calculations generally smooth out the solution and reduce the peak values in the
history variables. Monotonic advection algorithms are constructed to prevent the
transport calculations from creating new minimum or maximum values for the
solution variables. They were first developed for the solution of the Navier Stokes
equations to eliminate the spurious oscillations that appeared around the shock
fronts. Although monotonic algorithms are more diffusive than algorithms that are
not monotonic, they must be used for stability in general purpose codes. Many
constitutive models have history variables that have limited ranges, and if their
values are allowed to fall outside of their allowable ranges, the constitutive models
are undefined. Examples include explosive models, which require the burn fraction
to be between zero and one, and many elastoplasticity models, such as those with
power law hardening, which require a non-negative plastic strain.
The overall flow of an ALE time step is:
1. Perform a Lagrangian time step.
2. Perform an advection step.

a. Decide which nodes to move.

b. Move the boundary nodes.

c. Move the interior nodes.

d. Calculate the transport of the element-centered variables.

e. Calculate the momentum transport and update the velocity.
Each element solution variable must be transported. The total number of solution
variables, including the velocity, is at least six and depends on the material models.

For elements that are modeled with an equation of state, only the density, the
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internal energy, and the shock viscosity are transported. When the elements have
strength, the six components of the stress tensor and the plastic strain must also be
advected, for a total of ten solution variables. Kinematic hardening, if it is used,
introduces another five solution variables, for a total of fifteen. The nodal
velocities add an extra three solution variables that must be transported, and they
must be advected separately from the other solution variables because they are
centered at the nodes and not in the elements. In addition, the momentum must be
conserved, and it is a product of the node-centered velocity and the element-
centered density. This imposes a constraint on how the momentum transport is
performed that is unique to the velocity field. A detailed consideration of the

difficulties associated with the transport of momentum is deferred until later.

Material Type 19: Strain Rate Dependent Isotropic Plasticity
In this model, a load curve is used to describe the yield strength as a function of

effective strain rate, where the latter is:

(eq.A1.43)

and the prime denotes the deviatoric component. The yield stress is defined as
o, =0, (?)JrEp g’

' (eq.Al1.44)

where g, is the effective plastic strain and Ep is given in terms of Young’s modulus

and the tangent modulus by:

f (eq.A1.45)

Both Young's modulus and the tangent modulus may optionally be made functions
of strain rate by specifying a load curve ID giving their values as a function of
strain rate. If these load curve ID's are input as 0, then the constant values specified
in the input are used. Note that all load curves used to define quantities as a

function of strain rate must have the same number of points at the same strain rate
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values. This requirement is used to allow vectorized interpolation to enhance the
execution speed of this constitutive model.

This model also contains a simple mechanism for modeling material failure. This
option is activated by specifying a load curve ID defining the effective stress at
failure as a function of strain rate. For solid elements, once the effective stress
exceeds the failure stress the element is deemed to have failed and is removed from
the solution. For shell elements the entire shell element is deemed to have failed if
all integration points through the thickness have an effective stress that exceeds the
failure stress. After failure the shell element is removed from the solution.

In addition to the above failure criterion, this material model also supports a shell
element deletion criterion based on the maximum stable time step size for the
element, Atmax. Generally, Atmax goes down as the element becomes more distorted.
To assure stability of time integration, the global LS-DYNA time step is the
minimum of the Atmax values calculated for all elements in the model. Using this
option allows the selective deletion of elements whose time step Atmax has fallen
below the specified minimum time step, Atecit. Elements which are severely
distorted often indicate that material has failed and supports little load, but these
same elements may have very small time steps and therefore control the cost of the
analysis. This option allows these highly distorted elements to be deleted from the
calculation, and, therefore, the analysis can proceed at a larger time step, and, thus,
at a reduced cost. Deleted elements do not carry any load, and are deleted from all
applicable slide surface definitions. Clearly, this option must be judiciously used to
obtain accurate results at a minimum cost.

Material Type 20: Rigid

The rigid material type 20 provides a convenient way of turning one or more parts
comprised of beams, shells, or solid elements into a rigid body. Approximating a
deformable body as rigid is a preferred modeling technique in many real world
applications. For example, in sheet metal forming problems the tooling can
properly and accurately be treated as rigid. In the design of restraint systems the
occupant can, for the purposes of early design studies, also be treated as rigid.

Elements which are rigid are bypassed in the element processing and no storage is
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allocated for storing history variables; consequently, the rigid material type is very
cost efficient.

Two unique rigid part ID's may not share common nodes unless they are merged
together using the rigid body merge option. A rigid body may be made up of
disjoint finite element meshes, however. LS-DYNA assumes this is the case since
this is a common practice in setting up tooling meshes in forming problems.

All elements which reference a given part ID corresponding to the rigid material
should be contiguous, but this is not a requirement. If two disjoint groups of
elements on opposite sides of a model are modeled as rigid, separate part ID's
should be created for each of the contiguous element groups if each group is to
move independently. This requirement arises from the fact that LSDYNA
internally computes the six rigid body degrees-of-freedom for each rigid body
(rigid material or set of merged materials), and if disjoint groups of rigid elements
use the same part ID, the disjoint groups will move together as one rigid body.
Inertial properties for rigid materials may be defined in either of two ways. By
default, the inertial properties are calculated from the geometry of the constitutent
elements of the rigid material and the density specified for the part ID.
Alternatively, the inertial properties and initial velocities for a rigid body may be
directly defined, and this overrides data calculated from the material property
definition and nodal initial velocity definitions. Young's modulus, E, and Poisson's
ratio, u, are used for determining sliding interface parameters if the rigid body
interacts in a contact definition. Realistic values for these constants should be

defined since unrealistic values may contribute to numerical problem in contact.

Material Model 9: Null Material

This material allows equations of state to be considered without computing
deviatoric stresses. Optionally, a viscosity can be defined. Also, erosion in tension
and compression is possible. For solid elements equations of state can be called
through this model to avoid deviatoric stress calculations. A pressure cutoff may be
specified to set a lower bound on the pressure. This model has been very useful
when combined with the reactive high explosive model where material strength is

often neglected. The null material should not be used to delete solid elements.
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A optional viscous stress of the form

o, = Ue';

i (eq.A1.46)
is computed for nonzero pu where ¢;; is the deviatoric strain rate.

Sometimes it is advantageous to model contact surfaces via shell elements which
are not part of the structure, but are necessary to define areas of contact within
nodal rigid bodies or between nodal rigid bodies. Beams and shells that use this
material type are completely bypassed in the element processing. The Young’s
modulus and Poisson’s ratio are used only for setting the contact interface
stiffnesses, and it is recommended that reasonable values be input.

Remarks

1. The null material must be used with an equation of-state. Pressure cutoff is
negative in tension.

A (deviatoric) viscous stress is computed for nonzero p where €' j; is the deviatoric
strain rate. p is the dynamic viscosity with unit of [Pascal*second].

2. The null material has no shear stiffness and hourglass control must be used with
great care. In some applications, the default hourglass coefficient might lead to
significant energy losses. In general for fluids, the hourglass coefficient QM should
be small (in the range 1.0E-4 to 1.0E-6 in the SI unit system for the standard
default IHQ choice).

3. The Null material has no yield strength and behaves in a fluid-like manner.

4. The pressure cut-off, PC, must be defined to allow for a material to
“numerically” cavitate. In other words, when a material undergoes dilatation above
certain magnitude, it should no longer be able to resist this dilatation. Since
dilatation stress or pressure is negative, setting PC limit to a very small negative
number would allow for the material to cavitate once the pressure in the material

goes below this negative value.
Material Type 1.

This is an isotropic elastic material and is available for beam, shell, solid elements

in LS-DYNA. A specialization of this material allows the modeling of fluids.
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In this elastic material we compute the co-rotational rate of the deviatoric Cauchy
stress tensor as:
ok e
Sy =2Ge;" ™"
W

o

(eq.A1.47)

and pressure

n+l - f1+1
p=-Khr (eq.A1.48)

where G and K are the elastic shear and bulk moduli, respectively, and V is the

relative volume, i.e., the ratio of the current volume to the initial volume.

Equation of State Form 1: Linear Polynomial

This polynomial equation of state, linear in the internal energy per initial volume,

E, is given by
p=Cy+ QU+’ + Oy’ +(Cy + Gy + Coi* \E (eq.A1.49)
in which Ci are user defined constants and
1
H=—-1.
4 (eq.A1.50)

where V is the relative volume. In expanded elements, the coefficients of p 2 are set
to zero, i.e.,

¢, =G=0 (eq.A1.51)
The linear polynomial equation of state may be used to model gas with the gamma
law equation of state. This may be achieved by setting:
G=C=0C=0G=C=0 (eq.A1.52)
And
G=G=r-1 (eq.A1.53)
where 7 is the ratio of specific heats. The pressure is then given by:
p=(y- 1‘]£E
P (eq.A1.54)
Note that the units of E are the units of pressure.

Equation of State Form 4: Gruneisen
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The Gruneisen equation of state with cubic shock velocity-particle velocity defines
pressure for compressed material as:
P, C2u [1 +(1-%)u—4 uz]
pP= ' 1 —<+ (7o + O)E
u- L
[1 — (S, — 1) —s, 27— 55 —(;@1)3]

(eq.A1.55)
where E is the internal energy per initial volume, C is the intercept of the us-up
curve, S1, S2, and S3 are the coefficients of the slope of the us-up curve, y0 is the
Gruneisen gamma, and a is the first order volume correction to y0. Constants C, S1,
S2, S3, y0, and a are all input parameters. The compression is defined in terms of

the relative volume, V , as:
1
u=—-1.
v (eq.A1.56)

For expanded materials as the pressure is defined by:

= p.Cu+(v.,+ou)E
P= po C ot (Vo om) (eq.A1.57)
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APPENDIX 2: Static F.E. Analysis by ANSYS
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The Stress contour of the most crucial layers are reported.
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Figure A2-4: Von-Mises Layer 10 ( Woven)
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SOLID45 3-D ANSYS Structural Solid Element

SOLIDA45 is used for the three-dimensional modeling of solid structures. The
element is defined by eight nodes having three degrees of freedom at each node:
translations in the nodal x, y, and z directions. The element has plasticity, creep,
swelling, stress stiffening, large deflection, and large strain capabilities. A reduced

integration option with hourglass control is available.
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Figure A2-6: Solid 45 3-D Ansys structural element
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APPENDIX 3: DK46 Yacht Data

Geometry, dimensions and material stacking sequence of the DK46 sailing yacht
have been provided directly by the designer Mark Mills. The geometry has been
imported from SolidWorks, commercial 3D modelling package, as an IGS file in
Ls-DYNA and subsequently meshed.

Some of the key dimensions are reported beneath.

Length overall (Loa) = 14.1 m

Length water line (Lw) = 12.1 m

Max beam (Bmax) =4.13 m

Draught (T) = 3m

Ballast 4309 Kg

Displacement 8300 Kg

Table A3-1: Sandwich Panel Materials & Stack Sequence
PLY Material Thickness
PLY 1 RE210P Plain Weave E-Glass cloth 0.208
PLY 2 UT-E500 @ O 0.52
PLY 3 UT-E500 @ 30 0.52
PLY 4 UT-E500 @ O 0.52
PLY 5 UT-E500 @ -30 0.52
CORE Core cell A 25
PLY 6 UT-E500 @ 30 0.52
PLY 7 UT-E500 @ O 0.52
PLY 8 UT-E500 @ -30 0.52
PLY 9 UT-E500 @ O 0.52
PLY10 RE210P Plain Weave E-Glass cloth 0.310
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The geometry of the panel has been built following these steps.

A drawing of the hull in Solidworks, provided by the designer, has been imported
in Max Surf to determine the water lines and subsequently in LS-DYNA. Autocad
drawings provided the exact geometry and location of the panel. In this way it was
possible to define accurately the position and the geometry of the panel in LS-
DYNA. Once the edge of the panel, corresponding to the outer layer, was defined
it has been extruded in the y direction to create every single layer the panel was

made of.
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