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Preface to the Conference Proceedings 

IFREMER, as part of its Naval Technology programme, has taken 
the initiative of organising this conference series under the heading of 
"Nautical Construction in Composite Materials". 

Following on from Brest in 1984 and Nantes en 1988, Paris 92 has 
been organised on the same basis as its predecessors but directed towards 
a larger, international audience. The importance and the potential 
innovation that composite materials represent in nautical, naval and 
military construction in Europe and in most of the countries of the world 
involved in these kinds of construction, have made it necessary to extend 
the scope of the conference. 

A special feature of these conferences is the meeting together of an 
extremely varied community : researchers, material suppliers, participants 
from large shipyards and small boatyards, naval architects, allowing a 
wide exchange of ideas and the identification of the most promising 
developments, the areas requiring further research, in order to improve 
economic feasability and increase safety. 

The proceedings have been prepared before the conference, so that 
the documents are available to participants enabling them to obtain 
maximum benefit from the meeting. The quality of the papers supplied by 
authors and their availability in English and French versions are the 
garantee that a good transfer of knowledge will take place between 
participants, which is the princpal aim of the meeting. 

Although there has been a decrease in the activity of the nautical 
construction industry, innovation and creativity can lead to the 
development of new markets. The use of composite materials must 
contribute to this and we hope that after Paris 92 another conference will 
take place in four years time. 

Mr Pierre PAPON 
President of IFREMER 
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1 

DESIGN AND NAVAL ARCHITECTURE WITH COMPOSITE 
MATERIALS IN THE PLEASURE BOAT INDUSTRY 

G. DOLTO 1 

Abstract This paper gives a brief overview of design with composite 
materials for the pleasure boat industry. The dimensioning of sail and 
motor boats is described and material properties are discussed from the 
point of view of a naval architect. 

Keywords - design, dimensioning, scantlings, pleasure boat, 
mechanical properties. 

A RAPID PORTRAIT OF THE PLEASURE BOAT INDUSTRY 

The pleasure boat industry is an industry which has evolved 
from a traditional activity centred on construction with wood towards 
industrial production. This evolution has not always been accompanied 
by the development of design offices or calculation methods. In fact, 
the pleasure boat industry possesses a number of original features, one 
of which is that a pleasure boat can be built without design office 
support, which is unthinkable in most other industries. Boats are 
frequently made using a mould, a few sketches, resin, fibres, elbow 
grease and know-how. This picture is deliberately exaggerated but it is 
close to the truth for many small boatyards, and it is a fact that while 
even the smallest mechanical engineering firm will have a design office 
of several people, in most small pleasure boatyards the design office 
includes between zero and five people, rarely more. In addition these 
will most probably be involved in drawing home improvements or in 
looking after supply problems rather than the dimensioning of boats. It 
is therefore easy to understand how the calculation of scantlings has for 
a long time been based on empirical methods rather than engineering. It 
has been as much the legislation (standards, national and international 
rules etc.) rather than a desire for economy or efficiency, which has 
pushed the profession to make the effort currently being made towards 
more rigorous scientific methods. 

. Translated from the French original. 
1 Engineer and Naval Architect, GRAAL group. 
Technical consultant for the FIN (Fédération des Industries Nautiques) 
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In defence of the boatyards it should be mentioned that the more 
theoretical work was often performed by naval architects and that no 
need for long and complicated studies was identified : a boatyard which 
had built dozens of 8 metre boats without structural problems 
extrapolated those dimensions to make a 9 metre boat, and the 
approach worked ! Why pay more for theoretical studies which might 
show that a 235g reinforcement layer should be added when in any case 
a 500g layer would be added as it was all that was in stock. 

This point underlines a fact that every designer or legislator 
should write in large letters above his bed and engrave in his head : The 
best proof that a scantling is satisfactory is that the boat fulfils the 
requirements demanded of it, and never mind if it is impossible to 
explain or if according to the calculations the boat should break or 
sink. The result exists and the rules should be modified to 
"explain" what happens in practice. 

There are of course a number of provisos concerning this 
attitude as the loading envelope of the boat must be well defined and it 
must then be established whether the boat has performed its function 
throughout its design life, in a given proportion of calm and stormy 
weather. It may be noted that modern series of boats, generally 
satisfactory for a "normal" use of 1000 to 1500 miles per year over 4 
years, sometimes show their limitations when they are used by clubs 
such as the Centre Nautique des Glénans where the average annual use 
is at least 4000 miles in the hands of clumsy students. 

REASONS FOR PROGRESS 

Among the reasons which have prompted progress the 
following may be given : 
- The construction of single hull and multihull ocean racing vessels 
which require a maximum weight reduction of the structure while 
keeping the necessary integrity. 
- The boom in renting, helped by fiscal aspects of the Pons law. This 
require boats which are reliable and easy to maintain while being in the 
hands of customers whose technical skills are lower due to then-
increased numbers. 
- The series construction of multihull cruise vessels which was the 
reason for a massive use of sandwich structure, previously employed 
only for superstructures of single hull vessels. 
- The worldwide economic climate, and in particular the imminence of 
a single common market are also powerful reasons for common action 
and technical research aided by the Federation of Nautical Industries 
and often the support of government bodies: 
* Research within the technical group of the Union of boatbuilders. 
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* Development of national standards and participation in the 
development of international technical standards (ISO or CEN), where 
technical decisions have clear economic impact. 
* Technical research within the National Composites group 
"Groupement National Composites" 
* Technical decisions helping a smooth transition between national 
legislation and community rules. 

FABRICATION METHODS FROM AN ARCHITECT'S POINT 
OF VIEW 

During the presentation the advantages and disadvantages of 
different construction methods (monolithic, sandwich) will be 
discussed, together with the choice of materials (fibres and matrix) 
according to price/ease of fabrication/weight/performance criteria. 
These criteria vary according to the type of boat, its programme and 
other factors which mean that the choice is relatively open and different 
solutions are possible. 

METHODS AND RULES FOR DIMENSIONING 

Apart from the empirical methods referred to above, various 
other methods or rules for determination of dimensions are available. 

LOADING APPROACHES : GLOBAL/LOCAL. 

Several approaches are possible. All depend on the assumptions 
for the loads to which the structure will be subjected. The global loads 
resulting either from the normal function of the boat (Archimedes 
upthrust or dynamic pressure, global hydrodynamic and aerodynamic 
loads, and the resultants of these loads on the rigging or fixtures, forces 
due to gravitational or inertial loads, etc.), or other types of load 
(rubbing along the quayside or involontary grounding, lateral impacts 
in port, etc.) can be estimated more or less accurately. However, 
several sources of uncertainties remain of which the main ones are 
linked to the sea state and to dynamic effects associated with it. 

A truly scientific method would involve the application 
separately or simultaneously of these loading cases to the structure 
using finite element methods. Apart from a few studies this approach 
has above all shown that the scantlings depend on the envelope of all 
loadings and that the uncertainty associated with these loads are 
cumulative and result in dimensions which are difficult to reconcile 
with current practice. 
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To the author's knowledge these global approaches to the whole 
structure have principally been applied with success to certain racing 
vessels (mainly multihull), for example the interesting work of M. 
Souquet of the firm Bertin on the multihulls designed by my colleagues 
Van Petegher-Lariot Prévost. 

For motor launches several series of test have been performed 
of which the principal example was those of Heller-Jasper during the 
Second World War, who showed the distribution of pressure on the hull 
of planing motor vessels. Very large pressure peaks are noted on small 
areas, whereas for larger surfaces the mean pressure is spread out more 
uniformly. In a vessel of monolithic material the hull bottom may be 
dimensionned for a lower pressure than that of the hull sides, with the 
stiffeners having to support an even lower pressure. 

For local forces the approach consists of requiring the hull sides 
and its stiffeners to resist a certain theoretical pressure with the 
appropriate safety factor and a reasonable strain. A minimum thickness 
is often required to take account of the loadings that can not be 
modelled (abrasion, indentation). 

THE PASSAGE FROM LOADS TO DIMENSIONING 

Here again there is considerable scope for discussion. It should 
first be understood that the choice of dimensions does not only depend 
on the loads expected, but also on the way in which the material works 
(and in particular on how it is assumed to work), on the safety factor 
admissible according to the number of loading cycles, etc. 

Traditionally, as it was assumed that the pressure did not vary 
rapidly from one stiffener to another one could assume that the hull 
section between two stiffeners was built-in or, for panels close to a 
sharp angle, that it was clamped on the stiffener and loaded on the flat 
hull. Certain classification societies such as Lloyds prefer to assume 
that the panels are not perfectly clamped and that the hull side like the 
stiffeners be treated as semi-clamped. 

Finally, now that computers offer powerful calculation 
possibilities one may assume that the panels work both as membranes 
and in flexure. This had been known previously, but the complicated 
calculations corresponding to this case led to the problem being 
avoided. It is clear that opinions on calculation methods are far from 
unanimous. 

CLASSIFICATION SOCIETY REGULATIONS 

Different classification societies have issued regulations, among 
which the following may be referred to : 
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- Bureau Veritas 
- Lloyd's Register of Shipping 
- Det Norske Veritas, which is the only society to include 

membrane work (for "rapid, light vessels") 
- ABS (American Bureau of Shipping) 
- RINA (Registre Italiano Navale), whose rules are legally 

binding in Italy 
- Germanischer Lloyds. 

THE IOR/ABS GUIDE 

Following the accidents during the storms of Fastnet 79, of 
which certain (very few) were due to structural failures, the IOR 
decided to issue minimum scantling regulations. In order to do this all 
naval architects were consulted (among whom the Americans 
Sparkman and Stephen & Gary Mills were the most active but the 
French also made an important contribution), to find out the different 
methods of dimensioning. The survey finally adopted was put into form 
by the ABS. 

In this guide panels are considered as clamped plates, and the 
scantling criteria are both a strength criterion and a maximum strain 
criterion. 

In the author's opinion this guide has a number of advantages 
compared with other regulations : 

- The rules are "transparent" and the passage from loading 
pressures to dimensioning is easy to understand and corresponds to the 
usual strength of materials formulae. It is a long way from the rules of 
certain classification societies which resemble recipes given with no 
explanation (secrecy is one of the specialities of classification 
societies). 

- The pressures "seen" by the different elements of the structure 
depend on the dimensions of the panels considered. A small surface 
must be able to support a pressure increased by peaks due to slamming, 
whereas a larger panel need only support a lower pressure, without 
local overpressures. 

This approach, similar in essence to the conclusions of Heller-
Jasper for motor boats, seems to the author to be quite appropriate and 
is one of the only ways of enabling sandwich structures to be studied 
with the same tools as those for studies on monolithic structures. 
Nevertheless it is only a guide for engineers or technicians which does 
not give all the details of the structure but only the main axes. 

It may also be regretted that the other ABS regulations, notably 
for motor boats, were not drawn up in the same way (no decrease in 
pressure with the panel size except for the hull bottom, and above all 
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not the same safety factors, which makes comparison with other ABS 
rules difficult). 

THE FINITE ELEMENT METHOD 

This method is certainly very promising but has "a priori" two 
problems : 
- It analyses the true behaviour of the material (flexure + membrane), 
and therefore the loading case used should be the real loading. This real 
loading case does not correspond at all to the calculation assumptions 
usually employed (classification societies, or other methods), which 
consider that the hull acts as a panel. If one applies these loading cases 
to the structure being modelled one often finds that the thicknesses 
necessary are ridiculously small compared to practical values or to 
common sense. This means that the initial loading assumptions must all 
be revised upwards and the different factors involved (safety factors,-
admissible deflections) must be juggled with. This requires 
considerable work. 
- The modelling process is long and expensive. 

Nevertheless, the author believes in calculation programmes but 
thinks that they are mainly useful to model at least once the global 
forces on a boat type in order to then be able to extrapolate to other 
similar boats. For local effects a full analysis of existing boats should 
be undertaken in order to define the real loads and pressures, before 
being able to fully utilize this method for current cases. 

THE FUTURE ISO STANDARD AND THE CURRENT FRENCH 
SITUATION 

An ISO standard is currently being studied, the author being 
Fritz Hartz, the consultant of the ICOMIA, (International Council of 
the Marine Industry Association). This standard is not at a very 
advanced stage for motor boats and even less so for yachts. 

The current tendency is to try to follow the approach of the 
IOR/ABS guide while including some necessary modifications. Among 
these modifications are a certain number of details concerning 
sandwich maaterials, and there will also probably be a larger variation 
in the pressure range according to the position on the boat. The author 
carried out an investigation for the FIN in 1980 comparing the Lloyds' 
scantlings (at the time there was a possibility that the Lloyds' 
regulations become obligatory within the EEC), the IOR/ABS guide 
and the scantlings used at the time in French boatyards. From this it 
appeared that the IOR/ABS corresponded quite well with the practice 
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in France, except in stem regions where the calculation pressure would 
have to be considerably lowered. A new enquiry has just been launched 
with the FIN in order to confirm these impressions and to present 
modification proposals. 

Another tendency (it is the Finnish position, who performed a 
campaign of measurements on a Swan participant in the Whitbread 
race), is to consider that the hull does not really work as a plate but 
rather as a plate + membrane. In order to take this into account the 
calculations would be considerably more complicated as the 
thicknesses can only be determined after iterative calculations. In any 
case, efforts will be made to ensure that the future standard, whatever it 
involves, accepts the scantlings currently used by French industry. 

MECHANICAL PROPERTIES OF MATERIALS 

In contrast to metals, the mechanical properties of laminates 
show considerable scatter and depend not only on the fabrication 
method but also on numerous parameters such as temperature, 
hygrometry, water absorption etc., without mentioning the test 
methods, which are also quite controversial!. 

Boatyards seldom test the mechanical properties of their 
laminates, and architects are therefore often obliged to use the 
mechanical property values from theoretical formulae. 

THEORETICAL MODELS 

A certain number of authors have provided the means for 
calculating the values of the elastic tensile moduli of composites as a 
function of the stacking sequence, fibre volume fraction and void 
content of the laminate. The different methods give reasonable 
agreement (see the work of Tsai, the "king" of composite theory). The 
prediction of mechanical strengths (in tension, flexure and shear) is a 
different matter. Tsai has proposed the Tsai-Hill and Tsai-Wu criteria, 
on which other specialists have expressed doubts, and there is the 
supplementary question of knowing whether or not one can exceed the 
first damage stress level (first ply failure) in normal use, and this 
without even considering edge effects and other delights ! 

PROGRAMMES OF TESTING AND EVALUATION OF VALIDITY 
OF THEORETICAL MODELS 

The doubts expressed above must be removed by the acquisition 
of reliable values of material characteristics, obtained from tests on 
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specimens - fabricated under boatyard conditions and not in the 
laboratory - and then by verification of the validity of theoretical 
models and, if necessary, by their modification. Each boatyard, 
architect or material supplier has his own values but commercial 
arguments are sometimes more optimistic than the reality. It is 
therefore highly desirable that a series of tests be performed - in a 
neutral manner - with the cooperation of the largest possible number of 
partners. Such an exercise has been undertaken in France in the "Projet 
National Composite Naval", which the author believes to be extremely 
useful and which is described by Mme. Baudin elsewhere in this 
volume. 

SIMPLE PRACTICAL RULES 

While waiting for the results of that test campaign the author 
uses the following simple method : 

Calculate the moduli E and G by a law of mixtures, (using the 
fibre mass or volume fraction, the % of mat and of fibres at 0/90° and at 
+/-45°). For glass laminates the E thus obtained is multiplied by an 
"imaginary elongation to failure" of 1.67% for polyester and 1.7 to 
1.8% for epoxy to obtain a tensile/flexural strength. 

This is clearly a simplified method, but the results should not be 
more than 10 to 20% different from the actual values. Such a difference 
seems large but when one considers scatter in values with temperature, 
void content, humidity and aging, etc this is probably satisfactory. In 
addition, the Bureau Veritas uses this type of approach. 

For glass fibres an elongation of 1.67% is short of the 
theoretical values, but it is an average of the failure elongation of the 
resin and that of the fibre after weaving and handling. 

For carbon fibres as the resin elongation at failure is much 
greater than that of the fibre the latter is dimensioning, so the author 
uses an "imaginary elongation to failure" value of 1.1%. 

For shear strength values the same approach may be used, in 
multiplying the shear modulus G by an "equivalent angular strain" of 
2.5%. 

PRACTICAL DIMENSIONING 

In practice the designer does not proceed directly from the 
pressure field but uses a more empirical approach : 
- An initial pre-dimensioning is first made, primarily to see if general 
dimensions of the different beams are coherent with the global forces 
(especially for multihull vessels) and if the structural philosophy is 
reasonable. A hull is chosen which seems coherent with the boat's 
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characteristics (dimensions, displacement, programme, construction) 
and the hull thickness is thus determined for a monolithic structure or 
the minimum skin thicknesses and an estimation of the core thickness 
for a sandwich. It is only after this that the size and separation of 
stiffeners are adjusted (which are frequently closely linked to the fitting 
arrangements). After the dimensioning of the stiffened hull structure 
the overall structural analysis is begun (beams, rigging forces, ballast, 
motors etc.). 

By way of conclusion the presentation will be illustrated by 
some examples of scantlings for single hull and a multihull vessels. 

GIBBS & COX 1960 : MARINE DESIGN MANUAL for Fiberglas 
Reinforced Plastics Mc Graw Hill USA 
GIBBS & COX 1960 Design Properties of Marine Grade Fiberglass 
Laminates. 
ABS 1986 Guide for building and classing Offshore Racing Yachts 
ABS 1990 Guide for building and classing Motor pleasure Yachts 
ABS 1986 Guide for building and classing High Speed Craft 
BUREAU VERITAS 1990 Règlement pour la Classification-
Certifications des Navires de Plaisance 
DNV (Det Norske Veritas) 1983 Rules For construction and 
certification of vessels less than 15 metres 
DNV 1991 Rules for construction and certification of High Speed and 
Light Craft 
LLOYD'S REGISTER OF SHIPPING Rules and Regulation for the 
classification of Yachts and Small Craft. 
HELLER and JASPER 1960 On the structural design of planing craft, 
RINA Transactions GB 
TSAI and HAHN 1980 Introduction to composite materials, 
Technomic USA 
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NONCONVENTIONAL VESSELS IN SCANDINAVIA MADE 
OF COMPOSITE MATERIALS 

O. GULLBERG* 

Abstract - This paper presents the background to the development of 
composite materials in marine structures in the Scandinavian 
countries. The very first vessel constructed in composite materials in 
1974 used a special sandwich technique, GRP sandwich, developed in 
Sweden. Since then the GRP sandwich technique has been the only 
ship hull construction method used in the Scandinavian countries. The 
construction method is briefly described, together with the material 
used. In the second part of the paper examples of the different types of 
vessels under construction are presented. Finally, in the conclusion 
some ideas of future development are outlined. 

key words: composite material, GRP sandwich, MCMV, sidewall 
hovercraft, SES 

INTRODUCTION 

The GRP sandwich technique was developed in a joint research and 
development programme between Karlskronavarvet, the Royal 
Institute of Technology and the Royal Swedish Navy in the late 
1960's. The aim was to develop a construction technique for a new 
series of minesweepers. However, the basic development work had 
already started ten years earlier. 

The research and development program resulted in building 
the very first ship hull in GRP sandwich in 1974, the half-scale mine 
sweeper Viksten. This 24 metre vessel was followed by police 
launches, trawlers, coastguard vessels etc. during the 1970s. Not long 
after Viksten was presented, the GRP sandwich technique was 
introduced in Norway by the shipyard Broderne Aa. The shipyard has 
mainly developed the construction technique for fast passenger 
vessels both mono hulls, catamarans and Surface Effect Ships, SES. 

In Denmark the GRP sandwich technique was introduced 
much later in 1985. Based on a licence agreement the construction 
technique was transferred from Karlskronavarvet to the Danish 
shipyard Danyard Aalborg. 

* Karlskronavarvet AB, SWEDEN 
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In the presentation some recent examples of vessels built in 
composite materials will be described. However, only vessels with a 
length of about 30 metres and above will be included. Small vessels 
below this size are numerous and it is not possible to include them in 
this presentation. 

THE GRP SANDWICH CONCEPT 

MATERIALS 

A sandwich consists of three main parts; two thin, strong, stiff 
and relatively high density faces separated by a thicker, lighter and 
weaker core (Gullberg, Olsson 1990). The faces and the core are 
joined to transfer loads between the three components. The face 
material normally consists of a matrix of isophthalic polyester or vinyl 
ester and glass fibre reinforcement consisting of a combination of 
woven roving, (WR), and chopped-strand mat, (CSM), (Hellbratt, 
Gullberg 1989, Smith 1990, Hsu, Wu 1991). The glass fibres used are 
mostly of the E-glass type. Typical face thickness for a ship hull is 5 
to 10 mm. Sophisticated laminates made of expensive fibres like 
carbon or aramid are seldom used. Epoxy resin has so far not been 
used for vessels of this size. In the superstructure laminates thinner 
than 5 mm can be used. The core can be made of different type of 
materials. However, in Scandinavia rigid, expanded, closed-cell PVC 
foam was soon found to be the most suitable core material. The 
widely-used balsa wood is not used due to inacceptable mechanical 
properties and susceptibility to water penetration. Core thickness 
varies between 40-90 mm for a ship hull and the density varies 
between 80 and 250 kg/m3. In the superstructure both thinner and 
lighter weight cores can be used. 

PRODUCTION 

A hull made of GRP sandwich is constructed on a simple male 
wooden frame mould shaped to the inside of the hull. The core 
material is attached to the mould. For flat surfaces whole sheets of 
core material are used. If the hull shape is curved planks of core 
material are bent to fit the mould. When the mould is covered with 
core material the sheets/planks are joined together with structural 
putty. The outer surface of the core material is smoothed and cleaned 
before the outer face is laminated. After the outer lamination is 
completed the hull is turned upright and the rib frames are removed. 
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The inside of the hull is smoothed and the inside face is laminated. 
Bulkheads, decks, web frames etc. are, in parallel to the hull 
production, prefabricated according to the same methods as that for 
the hull shell. Thick cores for engine foundations etc., which are 
structurally integrated into the hull, are also prefabricated. All 
sandwich elements are then laminated into the hull. 

The superstructure is assembled of prefabricated GRP 
sandwich panels. These panels are complete with cutouts for windows 
and doors. The superstructure is finally lifted onboard the hull and 
laminated to the deck. The main features of a GRP sandwich design, 
as discussed above, can be summarized as follows: 

* Low weight 
* Easy outfitting 
* Easy to repair 
* Built-in insulation 
* Easy maintenance 

For military applications these additional features are essential: 
* Non-magnetic material 
* Good shock resistance 

Furthermore the GRP sandwich technique is a most cost effective 
construction technique for various types of marine structures made of 
composite materials. 

VESSELS CONSTRUCTED OF GRP SANDWICH 

THE SWEDISH MCMV 47 

In Sweden the design and construction of the LANDSORT 
class, MCMV 47, minehun ter/mine sweeper was an important step in 
the development of the GRP sandwich technique (Sjogren et al. 1984). 
The seventh, and last, vessel in the series will be delivered to the 
Royal Swedish Navy at the end of 1992. 

In a recent international contract four new MCMV 47's, based 
on the LANDSORT design, are under construction in Sweden. The 
new vessels are scheduled to be delivered in 1994-95. The new design 
is basically the same as the one for RSwN. However, new materials 
and new technology developed since LANDSORT was designed are 
used to give the new vessels even better performance. One important 
area which has been improved is shock resistance (Nilsson, Nuss 
1992). Almost all construction elements have been affected, such as 
thicker and higher density core, decreased laminate thickness, use of 
polyester fabric in the first laminate layer, use of vinyl ester matrix, 
higher strength filler etc. The improvements introduced have resulted 
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in a more shock resistant hull without increasing weight or cost. The 
main details for the MCMV 47 are: 

Length over all 
Beam 
Draught 
Speed 
Displacement 
Main engines 

47.5 metres 
9.6 metres 
2.3 metres 
15 knots 
360 tonnes 
4x268 kW 

STANDARD FLEX 300 IN DENMARK 

Also based on the experience from the LANDSORT class 
MCMV 47 the Royal Danish Navy selected the GRP sandwich 
technique for the new multi purpose vessel STANDARD FLEX 300. 
In 1985 the Danish shipyard Danyard Aalborg entered into a contract 
with RDanN for the construction of seven vessels. In 1990 another six 
vessels were ordered with an option for three more (fig. 1). Based on a 
technology transfer agreement between Karlskronavarvet and 
Danyard Aalborg a training program was carried out for the personnel 
from Denmark. After the first ship hull was constructed at 
Karlskronavarvet the outfitting was carried out in Denmark by 
Danyard Aalborg.The next vessels in the series were then completely 
constructed at Danyard Aalborg. The flexibility of the design is such 
that the same vessel can be used for different missions (Schneider, 
1989). Weapons and equipment are mounted in standardised 
containers for rapid change of role for the vessel. The same basic 
design will be used for surveillance, combat, MCM and minelaying. 
This involve requirements on the hull structure which vary from 
lightweight at over 30 knots in combat to high shock resistance in the 
role as minehunter. The GRP sandwich construction technique was 
selected to save weight and maintenance and because it is non-
magnetic. It also offers a high standard of fire resistance. The 
STANDARD FLEX 300 is up till now the largest vessel built in GRP 
sandwich. At the end of 1994 vessel no. 13, and the last within the 
contract, will be delivered to the Royal Danish Navy. The main 
dimensions for STANDARD FLEX 300 are: 

Length over all 
Beam 
Depth 
Displacement abt. 
Main engines 
Speed 

54.00 metres 
9.00 metres 
4.40 metres 
400 tonnes 
2x200+4500 kW 
30+ knots 



SURFACE EFFECT SHIPS IN NORWAY 

In Sweden the development of the GRP Sandwich technique was 
based on mainly military or para-military applications. In Norway 
most vessels constructed of GRP sandwich have been for commercial 
applications. During the 1980s four catamarans, a patrol vessel and a 
large number of the well known SES passenger ferries were 
constructed at Broderne Aa and Eikefjord Marine. In 1991 the last 
CIRR 120P was delivered as number 15 in the long series of the 300 
passenger SES ferries with a length of 35.25 metres and a beam of 
11.50 metre and a top speed of 50 knots. This year the new UT 904 
was launched at the Ulstein Eikefjord yard. The vessel is the latest 
development in the long series of Surface Effect Ships constructed of 
GRP sandwich (Fig. 2). The main dimensions for UT 904 are as 
follows: 

Length over all abt 39 metres 
Beam abt 12 metres 
Depth 4 metres 
Main engines 2x2000 kW 
Speed max 48 knots 
Passengers 350 

STEALTH TEST VESSEL IN SWEDEN 

Parallel to the development of the SES technique in Norway for 
passenger ferries, the SES technique was developed in Sweden for 
military applications. To get experience from the new technology two 
SES passenger ferries were constructed at Karlskronavarvet in 1986 in 
GRP sandwich (Gullberg O, 1988). The two 300 passenger ferries 
with a length of 33.40 metres, beam of 10.50 metres and top speed of 
42 knots gave important know-how both regarding SES techniques 
and the GRP sandwich technique. Already in 1983 the SES 
discussions had started between the RSwN and Karlskronavarvet. To 
evaluate the GRP sandwich technique and SES techniques for the next 
generation surface ships a test vessel was ordered in 1989 (fig. 3). The 
main objectives for the test vessel are: 
- to study, test and evaluate effects of stealth technique measures on a 

naval vessel, 
- to study, test and evaluate new technical solutions for weapon, 

communication and sensor systems and their integration in a vessel, 
- to test and evaluate the SES technique. The GRP sandwich was 

selected as the structural material for weight, magnetic and cost 
reasons. The test vessel was delivered mid-1991 and the technical and 
tactical evaluation program started immediately to be finished at the 
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end of 1993. One main objective is to evaluate the stealth technique 
and the radar signature was identified as the most important stealth 
property. For this reason it has been allowed full impact on the vessel 
exterior from overall geometry down to detailed design of each 
individual small piece of equipment. The shape of the vessel is 
therefore somewhat unusual. The shape of the vessel is built up from 
rectangular plan views and steeply sloping sides of hull and 
superstructure. The main deck equipment is fully enclosed under a 
weather deck with openings and large hatch openings. No activities 
are needed or allowed on the weather deck. The external structure is 
covered with radar optimized coating to change the normally radar 
transparent quality. The infrared signature problem is very much 
reduced by using the GRP sandwich technique which gives very good 
thermal insulation. A special IR optimized paint will also be tested on 
the hull and superstructure. The main particulars of the test vessel are 
as follows: 

Length over all 
Breadth over all 
Draught moulded 
Displacement full load 
Main Engines 
Speed 

30.4 metre 
11.4 metre 
7.6 metre 
145 tonnes 
2x2000 kW 
40-50 knots 

SES MCMV IN NORWAY 

At the end of 1989 the Royal Norwegian Navy ordered nine 
MCMVs designed as Surface Effect Ships at the shipyard Kvaerner 
Mandai in Norway. Four of these configurated as ORS0Y class 
minehunters and five as ALTA class sweepers (Maritime Defence). 
The design was a result of extensive R & D work carried out by 
RNorN and R&D establishments in Norway. The main reason for 
designing this new vessel as SES is the much smaller wetted surface 
of the hull, compared to a mono hull, which increases the shock 
resistance. The SES has also a considerably larger deck area and the 
platform is much more stable. This together is expected to give a 30% 
increase in fulfillment of the staff requirements. 
The main details are: 

Length overall 
Breadth 
Depth 
Displacement full load 
Main Engines 
Lift Engines 
Speed 

55.20 metre 
13.55 metre 
6.60 metre 
367 tonnes 
2x1400 KW 
2x700 KW 
20+ knots 
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CONCLUSIONS 

Since the start of using composite materials in vessels with a 
length of over 25-30 metres, the GRP sandwich technique has been 
established in Scandinavia to be the most cost effective construction 
method for non conventional applications. During the 1970s mostly 
smaller vessels were constructed in Sweden and Norway. In the 
beginning of the 1980s the technology was established and the size of 
vessels increased One interesting observation is that the GRP 
sandwich technique is not only used for a specific type of vessel, but 
for various types with very different requirements. The heavier 
MCMV running at 14 knots can withstand extreme pressure loads 
from exploding mines. The light weight SES passenger ferry is 
exposed to extreme slamming loads at a speed of 50 knots. In the 
military SES applications in Sweden and Norway light weight and 
high speed are combined with shock resistance. Some vessels operate 
during the winter in icy conditions, others operate in the warm and salt 
water close to the equator. New materials, design and construction 
techniques produce new possibilities for higher performance. The 
vessels presented in this paper are the result of research and 
development during the 1980s. How will the next generation of 
vessels constructed in GRP sandwich be? The answer is that the 
difference will probably not be that big. The type, size and application 
will be about the same. However, materials will be improved, as will 
design and construction techniques. This does not mean that it is not 
feasible to construct a vessel that is much larger. One example of this 
is a design study for an ice breaking survey vessel with a length of 70 
metres and a displacement of 1300 tonnes. The study verified that all 
requirements, including ice breaking, could be fulfilled with a hull 
constructed in GRP sandwich. During the 1980s more than 40 vessels, 
with lengths of more than 30 metres, have been built according to the 
GRP sandwich technique in Scandinavia. If GRP sandwich is that cost 
effective, why is the construction technique almost only used in 
Scandinavia? One answer to this is a conservative attitude and lack of 
knowledge at maritime authorities, ship owners and ship yards. 
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Figure 1 - Standard Flex 300 
Standard Flex 300 

Figure 2 - Transbordeur pour passagers UT 904 SES 
UT 904 SES passager ferry 

Figure 3 - Navire furtif SMYGE 
The stealth test vessel SMYGE. 

35 



SESSION I 
Chairmen 

M. BRUN (IRCN) 
M. SCHLICHTHORST (HDW) 

DESIGN 
3 - Innovation and techno-economical aspects of structural 

and outfitting applications of composite materials on 
board large passenger vessels and merchant ships. 

A. MACCARI, F. FAROLFI, Fincantieri (Italy) 

4 - Design and qualification of sandwich composites to be 
used in the structure of a fast vessel. 

J.F. ROLIN, Ifremer (France) 

5 - An inverse problem in designing marine sandwich 
composite structures. 

D. HOLM, B. ESPING, O. ROMELL, F. CAMPION 
Abax (Sweden) 

6 - Design and construction aspects of a fibreglass (GRP) 
assault boat. 

A.S. ABD KADER, 0. YAAKOB, Y. SAMIANI, 
Univ. Teknologi (Malaysia) 

MATERIALS : INNOVATIONS 
7 - Preliminary structural design of sandwich cored vessels. 

C. PREVITE, Polimex (U.S.A.) 

8 - Applications of multiaxial reinforcements in the marine 
industry. 

J. TABY, B. H0YNING, FiReCo AS (Norway) 

9- Optimised boatbuilding. Choice of material and 
processing hand in hand. 

E. von GELLHORN, G. MITTELMANN, 
Airex (Switzerland) 

10 - Creep, fatigue and fire resistance properties of typical 
sandwich composites. 

J.L. CHEVALIER, Baltek Corp.(U.S.A.) 

11 - Prepreg composites in the nautical industry. 
P. BERNAY, В rockier (France) 

12 - A honeycomb core for boats produced in large numbers. 
R. FILIPPI, Induplast (France) 

31 



Nautical construction with composite materials. Paris, December 7th to 9th 1992 
IFREMER, Actes de colloques n° 15, paper n° 3 

3 

INNOVATIONS AND TECHNICAL-ECONOMIC ASPECTS OF 
STRUCTURAL AND NON-STRUCTURAL APPLICATIONS OF 
COMPOSITE MATERIALS ON LARGE PASSENGER VESSELS AND 
MERCHANT SHIPS 

A. MACCARI * F. FAROLFI, ** 

Abstract - Considerable interest is presently being shown in research, design and 
practical application of composite materials within Fincantieri Merchant 
Shipbuilding Division. This paper is intended to discuss the state-of-the-art and the 
innovations in hull, outfitting and accomodation applications, where traditional steel 
or light alloy can be successfully replaced by composites. The impact on design and 
production is outlined, with an overview of the economic effects of these materials 
on technology, production and safety requirements, which remain an open subject 
for the future possible developments. 

key words: composite material, hull, outfitting, accomodation, safety, 
economy 

COMPOSITES IN SHIPBUILDING 

The present drive towards cost and weight reduction in shipbuilding, both 
for hull structures and outfitting, has resulted in a major effort to determine the most 
profitable approach to the utilization of plastic and composites. 
Fincantieri Merchant Shipbuilding division is determined to solve, through 
collaborative activities with Classification Societies and Shipowners, the 
challenging technical and economic problems which are important to the industry, 
whether they are for conventional merchant ships (bulk carriers, tankers, container 
ships) or cruise passenger vessels and ferries. 
Before drawing attention to topics with higher priority, where improvements are 
necessary and practical applications have already been undertaken, it may be 
worthwhile to recall some advantages related to composite material properties. 

* FINCANTIERI - Merchant Shipbuilding Division - Technical Dept. 
Hull Structures 

**FINCANTIERI - Merchant Shipbuilding Division - Technical Dept. 
Research and Development 
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Usually the emphasis is placed upon the most evident aspects, such as : 
- light weight 
- high mechanical properties 
- dimensional stability 
- resistance to chemical corrosion and weather exposure 
- resistance to biological and microorganism attack 
- good electrical and thermal insulation 
- easy moulding 
- minimum maintainance 
- high aesthetic quality 

On the other hand, the main drawbacks may be summarised as : 
- expensive molds, convenient only when the cost is subdivided in a 

relatively large scale production 
- smoke and toxic gas emissions during combustion 
- excessive deflection on large assemblies in stringent service conditions 
- lack of specific and clear rules and regulations 
- necessity of wider understanding of the design principles. 

Plastic and composite elements usually have to replace, in a reliable way, the 
conventional steel or light alloy structures. The current trends and demands in 
shipbuilding reveal specific constraints and limitations when compared to other 
industries such as automotive, aerospace and electronics, already utilising advanced 
materials. 

The designer has become directly aware of the importance of the economic 
implications, and therefore high-technology applications are unlikely to be accepted 
in shipbuilding, due to their cost and the production problems. 
Low cost is a key factor expecially nowadays, when the composites sector, battered 
by military budget cuts, is dealing with a zero growth period, and a shakeout in the 
advanced composites has commenced. 

Nevertheless, Fincantieri is actively involved in some projects and practical 
applications, confident that, with the implementation of specific Directives and 
Regulations, the future trend will be an increased acceptance of these new materials 
by an increasing range of Classification Societies and Shipowners. Several 
applications have been put into practice, both for structure and 
accomodation/outfitting areas, and some of the major concrete examples, on 
different topics, are presented to give a quick but comprehensive overview of 
current techniques and the potential of projected developments. 

STRUCTURAL APPLICATIONS 

The use of composite materials is requested to work on problems related to 
the weight reduction and stability, expecially for large cruise passenger vessels. The 
aim is to eliminate the manufacturing difficulties of the light alloy structures, 
minimise the costs, improve the aesthetic quality and cut down maintainance. 
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Therefore the highest parts of the superstructures, such as deckhouses, masts and 
funnels have been designed and produced in composite materials. 

A concrete example may be shown by the set of funnels erected on the two 
sisterships "Costa Classica" and "Costa Romantica", the 50,000 grt vessels for Italy's 
Costa Crociere line, delivered by Venice - Marghera yard for the US / Caribbean 
market, served out of Port Everglades, Florida. The ships feature three cylindrical 
funnels each, with elliptical section and overall dimensions of 3x5x12 metres (Photo 
1 and 2). The outfitting elements inside the funnels are resiliently mounted on 
essential steel jackets, to allow an efficient pre-erection of each modulus, and are 
subsequently enclosed within the F.R.P. self-sustaining shells. 

An extensive FEM analysis has been carried out to assess and solve the 
technical problems due to the high wind-loading (100 knots), the inertial effects in 
seagoing conditions, the thermal stresses due to the tropical sun and the proximity of 
the exhaust uptakes. In the model, the different modulus of elasticity along the main 
axes is evaluated, according to the composition of the layers within the epoxy skins 
of the sandwich (foam core) shells. Modelling includes stress evaluation, buckling 
control and global deflection of the shell and of the upper FRP grids. The different 
loadcases also consider the loads for slinging cleaning stages and hoisting on board. 
Careful precautions were taken to avoid overstressing the bolted connections to the 
steel foundation, due to the different thermal coefficients of the materials. 
This design allowed a global weight reduction of about 50 % and cost saving up to 
20 % when compared with the equivalent light alloy structure with stainless steel 
grids, improving the aesthetics to the Owner's satisfaction. 

Similar applications were designed for the three Holland America Line 
high-class passenger ships, the first of which is on delivery at Monfalcone Shipyard. 
The huge funnel, initially planned in FRP, has its central body partially made of 
steel, which proved to be more cost saving when considering the number and 
dimension of the molds required for FRP (Photo 3). Attention was instead focussed 
on more convenient parts, such as the side prismatic panels (a core of low density 
polyurethane foam and polyester skins with unidirectional and chopped-strand mat 
for layup), incorporating the recessed Owner's Logo, and the set of laminated grids 
screening the uptakes inside the funnel. The large prefabricated grid panels are also 
fitted to the deckhouses and main mast, cutting down erection costs and 
maintainance in areas exposed to acid corrosion, allowing a deep coloring of all 
parts with no mottling. 

Within the context of conventional merchant ships, the structural weight 
and stability face different restraints, and the convenience of composite structures 
has to be proved comparing them with the conventional steelwork. An extensive 
analysis showed the possibility of laying the bases for improvements in a modular 
funnel design, which becomes competitive when associated with an enhanced design 
of the outfitting inside (uptakes, piping, boilers), to define the limit of the engine 
casing at the level of the upper deck and therefore avoid the problems of "A" class 
fire structural protection.requirements according to IMO - SOLAS Rules. 
These modular funnels, adjusted to meet the dimensional requirement of each ship, 
cut the weight to one-third of conventional steel, have more aesthetic versatility, 
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offer diverse features in low-cost modular packages, allow good colouring, heat and 
UV-ray resistance (with adequate fillers and light stabilisers). 

However, the potential of new structural developments is directly linked 
with the confidence of major Shipowners in composites growth in many areas where 
non-metallic materials are underutilised, also for topics outside the areas usually 
taken into consideration, providing they satisfy the strength requirements and 
existing Regulations. 

Some experience was gained with modular composite wavescreens, acting 
as an effective barrier against green seas on the exposed deck of tankers, and FRP 
deckhouses used for the storage of deck equipment, but in these fields there needs to 
be further exploitation of alternative materials in the near future. 

OUTFITTING APPLICATIONS 

Major producers' and shipbuilders' confidence in FRP outfitting 
components reflects in a slow but steady growth of these applications on board ship. 
The best example is given by the well-tested GRP ballast and bilge pipework on 
cruise passenger vessels and conventional ships. An analysis on a 70,000 dwt tanker,’ 
comparing GRP fitting and pipe components with galvanised steel pipework for 
ballast service, showed that for an overall length of about 850 m of pipework, 
nominal diameter about 200 mm, it is possible to have a saving of more than 20 % 
and a weight reduction up to 72 % with GRP solutions. Not only the pipes, but also 
the fittings and the miscellaneous components of the plant produce these benefits; 
however, real economy is achieved with the reduction of technical work to prepare 
detailed plans and documents for the construction of steel pipes in the shipyard and 
the reduction of erection costs. 

As a drawback, particular attention is to be paid to the deflection and to the 
different thermal coefficients in order to design safe and flexible fittings between 
GRP pipes and the steel hull in the lowest part of the cargo holds. 
These successful applications are forcing the designer to target other possible areas, 
such as pipes in the engine room, where the difficulties lie behind the estabilished 
fire regulations to ensure they are carried out in a safe and reliable way. 
While it is taken for granted that a considerable saving would be achieved using 
GRP instead of high-value Cu-Ni alloys on salt water piping for machinery cooling, 
the Annex of IMO document FP 35/WP.9, which is the only existing draft of 
international regulation, drastically limits the use of these materials on board. At the 
present time the use of composite pipes is limited to the 0 and L3 Classes. In fact, 
Class 0 pipes are not subjected to fire endurance tests, and L3 pipes are subjected to 
fire tests for 30 minutes, filled with water. Pipes belonging to L1 and L2 groups (i.e. 
the main piping circuits) are subjected to a dry fire test, with no liquid inside the 
piping. During the test the temperature has to remain below the limit curve for 30 or 
60 minutes, according to the group. At present, due to the severity of these 
regulations, the use of composite piping for the L1 and L2 groups has to be 
excluded. 
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Fincantieri, however, is directly involved as a project leader in a BRITE / 
EURAM research programme, conducted in close collaboration with Classification 
Societies and suppliers, and considerable effort is being devoted to determine the 
real operational limits for piping in each service condition. Of course, the quality 
and the safety are not open to bargaining but the reliability of a GRP pipe during a 
fire hazard is to be proved equivalent and not exceeding that of steel. 
Rules and regulations of Classification Societies presently rely only on the IMO 
document and, looking forward to defining a final and standard document on the 
matter, Fincantieri's task is to clarify the technological barriers to be overcome and 
suggest a more flexible approach to acceptance criteria. 

Research will study the operational limits, define the quality standards and 
the fabrication procedures to meet the statutory requirements which are becoming 
ever more severe. The economic results will be worth the effort devoted to the 
research, considering that the actual 0.5 % FRP piping (10 % for tankers) is likely to 
become a 38-44 % (0 and L3 Class) with a potential 10-15 % of cost saving in 
material and manhours, a 10-20 % saving in maintainance and a weight reduction of 
up to 55 %. 

Other interesting piping applications have been undertaken and 
successfully carried out with non-composite materials, but simply plastic -
polyethylene and polypropylene - used for fresh domestic water (cold and warm), 
grey water and black water services on cruise passenger vessels. 
For each passenger ship of 50,000 grt, corresponding to a global length of polymeric 
piping of about 15 km, the saving far exceeds one million US dollars, with a weight 
reduction of almost 100 tons. 

These materials have no direct implication on IMO Rules, provided that 
they are not used below bulkhead deck or in watertight areas and that fire integrity is 
guaranteed in way of fire bulkheads (Class A and В according to SOLAS, unless 
limiting amendments proposed with IMO draft FP 36 and 37 / WP.9 enter into 
force). 

The advantages also lie in terms of elimination of insulation, introduction 
of ready-to-use standard fittings and components and cutting all the technical costs 
involved in the design, which can be limited only to the basic schematic diagram. 
However, the shipbuilder can enjoy at the most the economy of scale using standard 
composite items in outfitting, which do not require sophisticated design, such as 
boxes for fire fighting equipment, grey water discharge tanks, deck seats, small 
containers and deck stowage boxes, small hatches, ventilation grids, gratings, 
spoilers and so on. 

ACCOMODATION APPLICATIONS 

Collaborative research arrangements between Fincantieri, industrial 
organisations, Classification Societies' laboratories and other Research centres, have 
been pursued in different ways to develop the design of composite internal 
bulkheads, meeting operational and safety criteria. Progress in this direction has 
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been impeded by a lack of knowledge and experience of these materials, but the 
applications may be very widespread. On a cruise vessel, more than 15000 m2 of 
internal divisional bulkheads, corresponding to 550 t of conventional steelwork, are 
expected to be made in composites, with an overall weight saving of about 40 % 
(considering also the insulation). 

On conventional superstructures of merchant ships, the potential 
applications of fibre-reinforced materials are up to 2500 (i.e. 120t of steel), both 
for structural and non-structural panels, with the same percentage of saving. 
These aspects are the subjects of a large research programme, funded via EC BRITE 
/ EURAM schemes, and the aim is to define non-combustible FRP panels, according 
to SOLAS A0 Class, with reduced smoke and toxic gas emission. 

While research is currently being carried out, successful results have 
already been obtained with the design and approval of В15 Class bulkheads,to be 
used as boundaries of passenger cabins, corridors and public spaces on cruise 
vessels (Photo 4). To have a wide-range understanding of the properties of these 
panels, experimental tests and calculations have been undertaken for tailoring the 
design and meeting the requirements. Fire tests, finite element calculations, loading 
and impact tests have been performed as well as addressing also the practical 
problems of the production engineering of the panels. All the details have been 
optimised to ensure easy installation and integration with all the standardised 
fittings, such as electrical plugs, reinforcement for furniture fixings and window -
box frames (also made of FRP laminates). 

Comparing different solutions for the core of the sandwich panels (foam, 
honeycomb) the thermal and acoustic properties (permissible noise level 40 dB) 
have been optimised to meet the demand, both in normal conditions and in the event 
of a fire. The weight saving is up to 30 % with production and installation costs 
which allow a saving of about 15 %, taking into account the application on pax 
cabins and public spaces such as lounges, bars, casino. 

The benefits are easily understood considering the quantity of panels and 
the good aesthetic results: the moldings allow an extreme versatility of the shape, 
seamless connections and smoothness of the surfaces with a final gel-coat layer or a 
traditional lining. The panels can have the same dimensions of a cabin, are self-
supporting and therefore easy to handle and to assemble on board. Similar 
applications are under development also for the raised floors and steps in the main 
theatre, as well as for galleys, laundries and other technical spaces, while significant 
experience has already been gained and put into practice for sandwich FRP 
bulkheads in refrigerated provision stores and freezing-rooms, replacing the 
conventional insulated stainless steel, with the approval of US Public Health 
Service. 

MISCELLANEOUS SHIPYARD APPLICATIONS 

Possible development may be shown by concrete examples of preliminary 
applications such as scaffolding components (fibreglass grating withstanding 
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material fatigue from intense pedestrian traffic) and the upper part of docking blocks 
(adjustable prismatic chocks replacing the traditional wooden blocks). These 
elements are cost competitive when produced and pie-fabricated in large quantity, 
have lower or no maintainance than the conventional equipment and greater design 
flexibility. 
Additional breakthroughs in more efficient production of other shipyard applications 
are to be expected in the near future, whenever commercial standardisation can be 
achieved. 

CONCLUSIONS 

A summary of Fincantieri current and potential future marine applications of fibre-
reinforced composite has been provided, together with a brief outline of associated 
fabrication and installation aspects. 
The problems of structural design have to be addressed with consideration not only 
of the stress analysis and load evaluation, but also of the safety implications 
concerned with the use of composites on large ships. 
Design of these structures requires a careful knowledge of the marine environment, 
and naval architects and engineers, being aware of the potential benefits obtainable 
by exploitation of composites, should dedicate a major effort to imaginative 
developments in shipbuilding. 
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1 - Paquebot “Costa Classica” - Cheminées FRP 
Cruise passenger vessel “ Costa Classiva”, FRP funnels. 

2- “Costa Classiva” - Conception des cheminées FRP 
FRP funnel design. 
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3 - Paquebot Statendam” - Cheminée FRP 
Cruise passenger vessel “Statendam”, FRP funnel. 

4 - Cloisons en composite - Cabine standard 
Composite bulkheads, standard cabin. 
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DESIGN AND QUALIFICATION OF SANDWICH COMPOSITES TO 
BE USED IN THE STRUCTURE OF A FAST VESSEL 

J.F. ROLIN * 

Summary : A fast craft structure must be as light as possible for a given cost ; this 
leads to turn to a structure in sandwich composite materials. The specificity of this 
material and its manufacturing enforce strictness during design, computation, trials 
and throughout the control of ship building. The case of the NES 24 illustrates the 
possible contribution of finite element method computations and material tests to an 
iterative process. To each design and qualification step corresponds a variability and 
therefore a partial safety factor is necessary. The efforts undertaken to improve 
calculation methods, composite material properties, material control and yard 
quality assurance are described here. 

INTRODUCTION 

Up to a certain size, civilian fast craft must use light materials such as 
aluminium alloys or composite materials. 
The comparison turns often to the advantage of composite materials. This is 
due to the minimum thickness of aluminium plating in areas submitted to 
low loads. In repeatedly loaded areas, the fatigue limits of aluminium alloys 
are low when compared to ultimate stresses. 
The experience on NES 24 in structural design and qualification [Ref. 1] will 
illustrate a presentation of the design process and of problems which can be 
encountered. 
The NES 24 prototype was destroyed by fire in its building yard a few days 
before launching ; this accident has prevented us from performing the 
instrumented trials needed for its structural evaluation. 

SPECIFICATION OF THE STRUCTURE OF A FAST SHIP 

For a given price and life duration, the weight has to be optimized and the 
ship must fulfil the functions defined by the commercial needs, the rules and 
the hydrodynamic design. The mechanical aspects are : 

* Water pressure (a priori this pressure is not static) for all navigation cases. 
Slamming. 

IFREMER - Brest Centre 
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* Collision and local impact. 
* Longitudinal bending. 
* Strength of supports under accelerations ; permanent heavy units ; 

propulsive forces ; handling ; lifting ; docking ; etc... 
* Specific requirements according to ship type. For a Surface Effect Ship : 

global catamaran pitch connecting moment, transverse hull opening under 
cushion pressure, skirt forces, wet deck slamming. 

QUANTITATIVE ESTIMATION OF THE SPECIFICATION 

Each function of the specification of the structure must be evaluated in a 
quantitative way. Estimation is difficult due to the complexity of sea 
loadings, to probabilistic aspects, to the limited in-service experience on 
such crafts (when compared with other transportation means) and to the few 
intensive instrumented sea trials undertaken up to now (Agnes 200 [Ref. 2] 
is a notable exception). 

FAST SHIP STRUCTURAL PRELIMINARY DESIGN 

The factors of feasible weight, feasible price and feasible durability must be 
taken into account to determine the composite material suitable for the 
required functions and loading cases. At this stage, it is necessary to evaluate 
which function (including fire, shock,...) and load is dimensionning which 
area of the ship. 

DESIGN AND QUALIFICATION OF A GIVEN SHIP AREA 

For an area where sandwich composites are selected, the coherence of actual 
performances and in-service occuring conditions can be represented 
according to table 1 (in heavy type). 
To each step corresponds computations, checking tests and qualification 
tests (in Italics) which allow to rely on used characteristics. 
Each step (i) corresponds to a partial safety factor Ci due to uncertainties. 
Globally, the actual ultimate values and actual operational values of material 
performances (stress or displacement) are linked by : 
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TABLE 1 

FAST SHIP STRUCTURE IN SANDWICH COMPOSITE 

(1) to (3) SPECIFICATION (6) to (10) DESIGN 
(4) ESTIMATION (11)-(12) BUILDING 
(5) PRELIMINARY DESIGN (13) - (14) EVALUATION, OPERATION 
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vactual ultimate 
i = 14 

= (ΠC
i

) • vactual operational 

vactual ultimate = c • vactual operational 

where C is a global safety factor. 

DISCUSSION ON SAFETY FACTORS OF VARIOUS STEPS FOR A 
SANDWICH COMPOSITE STRUCTURE 

C1 to C4 - PARTIAL FACTORS OF LOADS 

These factors correspond to the studies of elaboration and estimation of the 
specifications, hence to factors linked to the ship hydrodynamics. These 
loadings are widely overestimated as they are not well known. In step (4), 
the pressures acting on the hull are treated as static pressures. This 
simplification is specially irrelevant for slamming loads. The important 
experiments of panel drop tests performed in Norway [Ref. 3] showed that 
the use of rules formulae on equivalent static pressure could underdimension 
the sandwich core. 

CH = c1 x C2 x C
3
 x C

4 

C5 - PARTIAL FACTOR LINKED TO THE ASSUMPTIONS OF THE 
PRELIMINARY DESIGN OF THE STRUCTURE 

For the NES 24, the choice of a loading case or a combination of loading 
cases dimensionning each area was done thanks to a finite element analysis 
of the whole structure. At this stage, the possible combinations of global and 
local loads are studied. 
Design phases (6), (7), (8), are iterated several times. 

C6 - PARTIAL FACTOR LINKED TO COMPUTATION ASSUMPTIONS 

The adequacy of computation methods with composite material properties 
plays a great part. 
In phase (6) computation, the NES 24 project has shown the usefulness of 
finite element method analysis in order to get global stresses and 
displacements. The elements are orthotropic and multilayer. The transverse 
behaviour of the surface effect ship must be investigated with models [Fig. 
1, 2, 3] corresponding to several modules of transverse stiffeners. A last 
checking iteration was performed with a model representing a half structure 
between stem and a section situated 20 m forward of stem (for a ship length 
of 24 m) [Fig. 4]. 
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The results of bending tests under hydrostatic pressure on two panels with a 
scantling similar to the scantling of NES 24 [Ref. 4] (one of them is 
including an omega shape stiffener in the middle) show the difficult 
correlation between measures and finite element computations. 

C7 - ALLOWABLE VALUE/MAXIMUM COMPUTED VALUE 

For the laminates, Tsaï-Hill (in the case of NES 24) or Tsaï-wu criteria are 
used. 
For core shear, which is the dimensionning parameter for slamming areas, 
the criterion is a maximum shear stress. An energy absorbtion criterion could 
be in favour of the linear PVC foam AIREX R 63-80 used on the NES 24 
but the interesting characteristics of this foam in dynamic conditions are 
limited by the permanent deflexions observed in fatigue [Ref. 5]. 
Consequently the criterion of loaded panel maximum displacement including 
bending and shear displacement is necessary. For the NES 24 this is 
dimensionning the sandwich core on a major part of the surface. 

C8 - DESIGN ULTIMATE VALUE/ALLOWABLE VALUE 

The partial factor is often provided by the regulations. The mechanical 
characteristics of sandwich taken into account on the NES 24 are those 
coming from manufactured sandwich and not from computations. As a 
matter of fact, parameters such as actual skin thickness or resin penetration 
in the foam are impossible to predict. 
In this way, the mass and price of the sandwich correspond to the 
mechanical characteristics used. The raw material properties and the 
manufacturing method must be well known : commercial brochure values or 
type approval certificates must be checked. 
The scantling of the NES 24 structure includes 5 sandwich panel types of 7 
kg/m2 to 11 kg/m2, a 13 kg/m2 type for the bottom and a main deck of 
30 kg/m2 (150 mm thick sandwich). 
The standard surface mass of skins on the NES 24 are for example 2.5 kg/m2 

for bulkheads and 3.5 kg/m2 for side hull. This is possible thanks to multi-
axial stitched glass reinforcement properties and to a high glass content. 
Interpolations or extrapolations of characteristics from those of other known 
sandwiches are possible. The errors which might be made for NES 24 type 
of laminate are of the order of magnitude of 15 % in Young's modulus and 
25 % in ultimate stress. 
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c9 - TESTED ULTIMATE VALUE/DESIGN ULTIMATE VALUE 

The sample tests have to be performed for sandwiches, stiffeners and other 
structural components. 
The NES 24 sandwich tests included : tensile skin tests in three directions, 
shear test of skins, sandwich shear test, sandwich mass measurement, 
measurement of skin mass, of fiber content ratio of skins, of glass transition 
temperature, etc... 
A statistic analysis of results in each trial allows conservative values to be 
kept and to eliminate materials with excessively large differences in their 
characteristics [Ref. 1]. 
The choice of secant or tangent modulus may lead to 30 % variations 
[Ref. 4]. In the context of the NES 24 project, we also experienced notable 
result variations coming from experimenters using different test standards. 

C10 - SPECIFIED ULTIMATE VALUE/TESTED ULTIMATE VALUE 

The manufacturing and trials of panels or sections appeared to be efficient to 
refine the estimation of the initial weight and mechanical characteristics for 
the NES 24. 
The drift between estimated stiffened panels mass and manufactured mass 
might easily reach 10 %. Therefore, manufacturing of panels before the 
complete ship construction is useful. 
The tests of stiffened flat panels under hydrostatic pressure allows us to 
validate the steps (6), (7), (8), (9) for areas dimensioned by these loads. We 
agree with the opinion of R.P. REICHARD [Ref. 6] and we consider this 
type of test, requiring standardization, as more useful than 4 point bending of 
sandwich beam. 

C1 1 - BUILDING ULTIMATE VALUE/SPECIFIED ULTIMATE VALUE 

The building of the ship structure complies with Technical Specifications 
including material performance measured on samples, panels and sections. 
For the NES 24, a Quality Assurance procedure was operated, covering 
design, material tests, supply control, stock conditions, building procedure, 
manufacturing conditions and element masses. 
The possible performance variation reached 30 % for the weight of linear 
PVC foam supplied under the same reference, showing the importance of 
supply control to avoid such differences. 
In this step, inserts, bonding and lay-ups must be accounted for in their 
possible weight variations with respect to estimations. 
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c12 - DELIVERY ULTIMATE VALUE/BUILDING ULTIMATE VALUE 

Property measurements on materials coming from structure cut-outs allow 
performance variation on the whole ship to be estimated. For the NES 24, 
the discrepancies were less than 20 %, always on the safe side. 
Delivery tests in dry dock or floating conditions and simulating design loads 
allow the assumptions of steps (5) to (11) to be checked if sufficient 
instrumentation is used. 

C13xC14-ACTUAL ULTIMATE VALUE/DELIVERY ULTIMATE 
VALVE 

At these stages, the effects of creep, fatigue, ageing, impact, temperature and 
loading dynamics are to be taken into account. Dynamic and long term 
strength of their structures will be known after 10 to 20 years of fast ships 
operations. 
Fortunately, studies on creep, fatigue and impact strength of sandwiches are 
being performed to improve the knowledge on these factors [Ref. 5 and 7]. 

EXAMPLE OF SAFETY FACTORS 

For the NES 24, the partial safety factors are the following : 

CH C5 C6 C7 C8 C9 C10C11 C12C13C14 
>1 >1 >1.5 3.33 >11 1 >1 - -

(- = not evaluated) 
Hence, the total C > 5. 
Unfortunately, due to the accident, the dry dock and sea trials on the NES 24 
instrumented structure were not performed to refine the safety factor 
estimation. 

7 - COST OF DESIGN AND QUALIFICATION 

The computation and test steps quickly described here allow to refine the 
material data to be refined and the structure to be adjusted to its 
specifications. The cost of these tasks is added to the building cost. For some 
steps (finite elements, fatigue) the cost is similar for all fast ship structural 
materials, but the sandwich composites are requiring additional steps and 
checks. 
It is necessary to finalize and qualify standard sandwiches or standard panels 
which can then be used on several ship areas or on various ships. 
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CONCLUSION 

An analysis of partial safety factors indicates that a large part of the 
uncertainty comes from the limited knowledge on loading cases. 
It also points out that some efforts to refine mechanical characteristics are 
limited by discrepencies pertaining to composite materials. The building of 
the NES 24 showed us that it was worth having a quality assurance 
procedure. There certainly is a lot to be earned in increasing the industrial 
and reproducibility aspects of the composite material ship building industry 
and of the material it uses (multi-axial, core). 
Some research under way is very promising for the fast ships of the future ; 
they focus particularly on panel tests under pressure, dynamic and long term 
characteristics and impact problems. 
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Figure 1 - Modèle d’une demi-tranche 
avant de la structure du NES 24. 

Half slice forward model of the NES 24 
structure. 

Figure 2 - Modèle d'une demi-tranche du 
compartiment moteur de la structure du 

NES 24. 
Half slice engine compartment model of 

NES 24 structure. 

Figure 3 - Modèle de demi-tranche avant 
sous la pression du coussin. 

Half slice forward model under cushion 
pressure. 

Figure 4 - Assemblage de 7 sous-structures modélisant la 
moitié du NES 24 entre C0 et C

20 

Assembly of 7 substructures modeling half the NES 24 
structure between C0 et C2o-
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AN INVERSE PROBLEM IN DESIGNING MARINE SANDWICH 
COMPOSITE STRUCTURES 

D. HOLM*, B. ESPING*, O. ROMELL*, F. CAMPION** 

Abstract - An integrated approach is introduced for the solution of the inverse problem: 
which are the lamina orientation, laminate constitution, core quality and thickness 
combination ensuring specified objective(s) to be reached ? The optimal solution is obtained 
using mathematically stringent optimization methods (the Method of Moving Asymptotes, 
MMA) coupled with finite element analysis, interactive graphic pre- and post-processing and 
parametric modelling, as implemented in OASIS-ALADDIN. This approach has been applied 
to the optimal design of the hull structure of a Surface Effect Ship made of GRP-sandwich. 
The objective was to minimize the weight of the ship by determining the optimum skin and 
core thicknesses of structural members of the hull as well as web spacing with constraints on 
panel stiffness and maximum stress as to meet the rules of Det norske Veritas. The total 
weight was reduced by 5%. 

Keywords: optimization, sensitivity, inverse problem, composites, sandwich. 

INTRODUCTION 

Composite materials are now increasingly used for weight and/or performance sensitive 
marine structures. The heterogeneous nature of laminated fiber-reinforced composites allows 
engineers to customize the material and to design the structure as to reach an optimal 
solution, on a technical and economical basis. Given the number of parameters to take into 
account, the best possible design can only be achieved through a long iterative procedure of 
analysis and modification. 

In this paper we introduce an integrated approach for the solution of the inverse problem: 
which are the lamina orientation, laminate constitution, core quality and thickness 
combination ensuring specified objective(s) to be reached ? 

The optimal solution is obtained using mathematically stringent optimization methods 
(the Method of Moving Asymptotes, MMA) coupled with finite element analysis, interactive 
graphic pre- and post-processing and fully parametric modelling, as implemented in OASIS-
ALADDIN. 

Thus the optimization of local and global geometry; laminate and lamina thicknesses; 
material orientation (e.g. fiber angles); and material quality (e.g. sandwich foam core 
densities) is performed. The shape optimization concept is based on parametric solid 
modelling formulations and is fully 3-D. 

* ALFGAM Optimering , Stockholm, Sweden 
** ABAX Computational Mechanics, Malmö, Sweden 
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Objective and constraint functions may be structural weight, mass moment of inertia, 
stiffness, natural frequency, stresses and material cost, as well as arbitrary linear 
combinations of these. Objective and constraint functions may also be defined as explicit 
linear functions of the design variables. The objective may be given as minimizing or 
maximizing a single function or a combination of several functions, or as minimizing the 
maximum of a set of functions. 

To illustrate this approach we will describe its application to the optimal design of the 
hull structure of a Surface Effect Ship made of GRP-sandwich, using OASIS-ALADDIN. 
The objective was to minimize the weight of the ship by determining the optimum skin and 
core thicknesses of structural members of the hull as well as web spacing. Constraints on 
panel stiffness and maximum stress were included to meet the rules of Det norske Veritas. 
Four different load cases complying with classification rules were considered. 

This study proved that with modern optimization techniques it is possible to automate a 
significant portion of the structural design of a sandwich composite structure, thus reducing 
significantly the leadtime and costs for design. An additional benefit is that better results than 
with traditional engineering methods are achieved. 

Composite materials 

Compared with conventional materials, composites offer very attractive properties at the 
cost of increased complexity. Composite materials are made of reinforcing fibers -in principle 
of continuous length- embedded in a polymeric matrix. These materials defined as plies -
layer or lamina- then being laid up, under a specific sequence, form a laminate. 

A laminate can incorporate any number of plies themselves made of any combination 
and proportion of fiber and matrix, with the material coordinates of each layer oriented 
differently, or not, with respect of the laminate coordinates. A sandwich is a particular case of 
laminate in which the ply located at mid-plane is excessively thick and light in comparison to 
others. 

The classical laminate theory shows that plies constitution, thickness and orientation, 
laminate lay-up and stacking sequence command the global laminate properties. The intrinsic 
heterogeneity of composite materials allows for each of these parameters to be modified and 
therefore to alter the overall laminate properties. 

Inverse problem in structural design 

Modem numerical techniques, such as the Finite Element Method, are today commonly 
used for validation of a structural design with respect of a more or less complex set of 
requirements. 

Unless the initial design fulfills the requirements, an iterative process of modification 
and analysis is performed until a satisfactory solution is found. This process can quickly 
become cumbersome when many parameters -and their interaction- must be taken into 
account, as it is the case with composite materials. 

Using • stringent optimization techniques with efficient sensitivity analysis and 
mathematical programming methods, it is possible to reverse and automate this procedure, 
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by defining in a single problem the objective, the constraints and the design variables. 
Solving this type of problem can be defined as the solution of an inverse problem. 

In mathematical terms the problem is often stated as: 

minimize: w(x) objective function 
subject to: gi(x) < g;, i = 1,I constraints 

xj <* xj < xj, j = 1,J design variables 

where w(x) is the objective function to be minimized, and xj, j= 1,J is the set of design 
variables. Ц and x: are the lower and upper limits, respectively, for the design variables, 

g i(x), i= 1.I are the constraints and gi their limits. 
In the case of composite materials, design variables can be ply orientations, layer 

thicknesses, material quality, etc... , which can be varied as to produce laminates with 
specific properties or of minimum weight, while constraints for ex. on maximum allowable 
stress level or minimum stiffness are satisfied. 

Optimization Methodology 

The optimization is a non-linear, implicit problem and can not be solved with any direct 
method. Instead a sequence of convex explicit sub-problems must be created which may 
converge to a true optimum. Each sub-problem is an approximation based on first order 
information of the objective function and the constraint function and their derivatives with 
respect to the design variables. 

The procedure is iterative , each iteration involving an analysis and design phase. 
Starting from a design proposal, or an existing design, the automatic and iterative process of 
analysis and modification will improve the design until a convergent solution, or a solution 
that satisfies the designer, is reached. 

In each iteration, an FE-analysis of the structure is performed to evaluate the properties 
of interest (i.e the objective and constraint fucntions). Then, the derivatives of these functions 
are evaluated with respect to the design variables. Based upon this information, the 
approximate subproblem is formulated and solved, and new values for the design variables 
are calculated (see fig. 1). 

OASIS-ALADDIN 

OASIS-ALADDIN is a specialized code for optimization of mechanical structures in the 
linear response domain. OASIS-ALADDIN integrates around an associative data base, 
interactive pre and post processors and a finite element solver. Specialized features for 
material modeling and results analysis of composite materials are available. Calculation of 
local angles of orthotropy with respect to the geometry is automatically carried-out. Models 
generated in ALADDIN are completely parametric (Esping 1987, 1988). 

OASIS, the optimization engine, performs sensitivity analysis and contains several 
optimization algorithms and options that allow the solution of a large variety of problems, e.g 
continuous and discrete. It includes mathematical programming methods: linear/inverse 
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approximation and MMA - the Method of Moving Asymptotes, requiring information on the 
values of the objective and constraint functions as well as their derivatives with respect to 
design variables (Esping 1986). 

In OASIS, gradient calculations are based on semi-analytical derivatives, resulting in 
high computational efficiency. The increase in computational cost with respect to the number 
of design variables is only linear, allowing problems with very large number of variables, 
1000 or more, to be solved without prohibitive computational cost. 

Design variables are: 
- geometrical shape (control point coordinates) 
- shell and membrane thicknesses (both laminate and lamina for composites) 
- angles of orthotropy (e.g fiber angles) 
- material quality (e.g selection of sandwich core density) 
- cross section areas of rods 

Design variables can be continuous or discrete, and any combination of both types can be 
used simultaneously, thus allowing concurrent shape and sizing optimization. Shape variables 
may be combined to define slave variables, and may also be used as passive design 
parameters. 

Following factors can be used as objective and constraint functions: 
- structural weight 
- mass moment of inertia 
- stiffness 
- natural frequency 
- stresses 
- material cost 

as well as arbitrary linear combinations of these. 
Objective and constraint functions can also be formulated as explicit, linear functions of 

the design variables. The objective may be given as minimizing or maximizing a single 
function or a combination of several functions, or as minimizing the maximum of a set of 
functions. Several constraints may be applied simultaneously. 

Optimization algorithm 

MMA is a convex approximation method developed by K. Svanberg (Svanberg 1991). 
MMA is an iterative method: in each iteration a convex subproblem, which approximates the 
original problem, is generated and solved. An important role in the generation of these 
subproblems is played by a set of parameters which influence the "curvature" of the 
approximations, and also act as "asymptotes" for the subproblem. By moving these 
asymptotes between each iteration, the convergence of the overall process can be stabilized. 

Finite Element Formulation 

The type of element used is a general doubly curved, layered isoparametric shell 
element, with eight nodes and five degrees of freedom per node developed by Wennerstom 
and Bäcklund (Wennerstrom 1983, 1984, 1985). The formulation is based on the same 

60 



fundamental approximations suggested by Ahmad, Irons and Zienkiewicz (Ahmad 1968, 
1969, 1970), completed by the so-called reduced integration technique developed by 
Zienkiewicz (Zienkiewicz 1971) and by Pawsey and Clough (Pawsey 1971, 1973). The main 
benefit of this improved numerical integration technique is that thin shell structures analysis 
can also be analyzed (Irons 1973). 

Upper and lower faces are assumed to be in state of plane stress: bending and shear 
effects are not taken into account locally in the facings. The core stiffness matrix is modified 
as to include transverse shear stiffness. This element is well suited for the analysis of 
sandwich laminates with anisotropic laminated facings. See fig. 2, 3 for definition of nodal 
locations, variables and geometrical properties. 

Application to optimum design of an SES GRP sandwich hull 

Problem formulation - Which are the optimum skin and core thicknesses of structural 
members of the hull as well as web spacing so the weight of the ship is minimal, given that 
constraints on panel stiffness and maximum stress complying with the rules of Det norske 
Veritas are satisfied? 

A two-step approach was adopted in the formulation of the problem in order to reduce its 
size. Thus the optimization was performed in two steps, the first concentrating on finding the 
optimal web spacing and the second on finding the optimal global distribution of face and 
core thicknesses. In the first analysis, one half of a single symmetric web-to-web section of 
the hull was subjected to slamming pressure and the objective function defined as the weight 
per unit length (fig. 4). Design variables were assigned to face and core thicknesses in 23 
different areas and also to section length. Step two included three full-width sections of the 
hull subjected to longitudinal torsion, longitudinal bending and transverse bending. In this 
case, web spacing was held constant and the objective function defined as absolute structural 
weight (fig. 5). Details and relevant data can be found in Gullberg (Gullberg 1991). 

Modeling - The geometric and structural shape of the hull is described using ALADDIN. All 
subsequent data required by the FE-analysis and the optimization: loads, boundaries, material 
properties, design variables, objective functions and contraints, are associated to this CAD 
model. Shape design variables are connected to CAD points so they directly and 
automatically affect the geometry. 

The initial FE-model contained 298 8-node isoparametric stacked shell elements, 96 3-
node rod elements and 2 2-node rod elements. 42 thickness variables governing core and face 
thicknesses in different parts of the structure and one shape variable defining the web spacing 
were included. The FE-model for step 2 contained 840 8-node shell elements, 678 of which 
were linked to thickness variables, 536 3-node rod elements and 12 2-node rod elements. 

Materials and laminates - The face laminates were modelled using material properties 
typical of glass fibre reinforced polyester with a 50% glass content. Three different densities 
of PVC foam core material were used in different parts of the structure. A total of 28 
different stacks were used in the model, 23 of which were linked to design variables. 
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Design variables - Design variables were assigned to the thickness of face and core materials 
in different part of the structure, as well as to the web spacing, i.e the distance between web 
frames. Start values were taken from original design proposal. 229 shell elements were linked 
to thickness variables. 42 different core and face material thickness variables were active in 
23 different sandwich stacks. Of these 23 stacks, one had a single variable linked to the core 
thickness, 11 were symmetric and thus had two independent variables each, and the 
remaining 11 stacks had three independent variables each. 

Some design variables limits were set to reflect requirements on impact resistance, as 
well as handling and manufacturing aspects. The internal laminate thicknesses were allowed 
to be as low as 1.5mm and in some case as 1mm (in the web). Lower limit for external face 
thickness was set at 4.0mm. 

Loads - All loads applied to the structure in this study were design loads as specified by the 
classification rules of Det norske Veritas (DnV 1985). The loads are defined by expressions 
combining the structural weight and the dimensions of the hull with typical significant 
speeds, accelerations, wave heights, etc....to represent typical worst case scenario service 
loads. 

Constraints - Constraints were put on maximum occuring stresses in face and core materials 
and on deformations in the hull. All constraints were modelled after the rules and 
specifications of DnV. 

Stress constraints were applied to all elements in the model, specifying a maximum 
allowable TSAI factor, a normalized effective stress. Deflection constraints were applied to 
the individual hull panels as stipulated by DnV. The maximum allowable deflection at the 
centre of a panel is defined as a percentage of the length of its shortest side. 

Results - The following results have been obtained: 
Step 1 

1. Weight per unit length was reduced by 14% 
2. Deformations and stresses were kept within allowed values 
3. Distance between web frames was increased by 27% 
4. Most laminate thicknesses were reduced, on average in the hull by 33% and in the 

web by 27% 
5. Some core ticknesses in the hull were increased 

Step 2 
1. Total weight per unit length was reduced by 5% 
2. Deformations and stresses were kept within allowed values 
3. Most laminate thicknesses were reduced 
4. Most core thicknesses were reduced 

Refining design variables limits on laminate thickness allowed to further reduce the 
weight per unit length to 17% in Step 1 and to 7% in Step 2 (see Fig. 6, 7, 8) 

However it is important to keep in mind some of the limitations of the analysis when 
reviewing these results: 
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- Buckling phenomena have not been considered. However, when setting the minimum 
values of core and laminate thicknesses, some considerations regarding buckling have 
been taken. 
- Local stresses, stress concentrations, were not really considered in the analysis. 

Extension 

Two further applications of the presented approach for solving inverse problems are 
certainly worth mentioning: 

1- Design of a railcar in sandwich composites with prescribed dynamic properties. The 
problem can be stated as how to size the sandwich structure so the lowest eigen-frequency of 
the longitudinal bending mode is at least 8Hz, while keeping the weight increase to a 
minimum. Design variables were associated to the thickness of the core and the thicknesses 
of both faces. A total of 63 design variables were active in the optimization. Compared with 
the initial design the lowest eigenffequency was increased from 4.77Hz to 8Hz, with a 
moderate weight penalty of 15%. 

2- The presented approach is being extended to the design of composite propeller blades 
with adaptive characteristics. The objective is to take advantage of the anisotropic properties 
of composite materials to produce a blade with a varying pitch depending on loadings. The 
blade must deform towards a lower angle of attack when the pressure load increases, 
resulting in reduced vibration, noise and cavitation. 

The problem is to tailor the laminate, stacking sequence and fibers angle in order to 
obtain the required characteristics. Preliminary test results are quite promising. Unfortunately 
no data can be disclosed at this stage due to confidentiality requirements. 

Conclusion 

Composite materials are unique in their capacity of being tailored to meet specific 
requirements. Structural design with composite materials naturally tends to the formulation of 
an inverse problem. 

With the integration of modern numerical methods: FEM, sensitivity analysis and non-
linear optimization with specialized parametric modeling techniques, as implemented in 
OASIS-ALADDIN, an efficient tool for solving inverse problems in sandwich composite 
structural design has been developed. 

Automating a significant portion of the design of large andwich composite structures is 
now possible, as demonstrated with the SES project, resulting in enhanced performances, 
shorten leadtime and lower cost compared with traditional design procedures. 
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Fig. 1. Optimization iterative procedure 
Processus itératif d'optimisation 

Fig. 2. General doubly curved stacked 
sandwich shell element 
Element de coque sandwich stratifié 
à double courbure 

Fig. 3. Stacked sandwich shell element 
with thickness variables 
Element de coque sandwich stratifé 
avec variables sur les épaisseurs 
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Fig. 4. Step 1 FE-model with loading 
Modèle EF avec chargement Phase 1 

Fig. 5. Step 2 FE-model with additional loadings 
Modèle EF avec chargement complémentaire Phase 2 

Fig. 6 Weight versus iteration number 
Poids à chaque itération 

Tsai factor (normalized effective stress) 
Critère de Tsai 

Fig. 7. Maximum stress versus iteration number 
Contraintes maxi à chaque itération 

Normalized deflection 
Déflection normalisée 

Fig. 8. Maximum deflection versus iteration number 
Déflection maxi à chaque itération 

x Step/Phase 1 

+ Ste p/Phase 2 

* Step/Phase 1 * 

■ Step/Phase 2 * 

* refined limits on design variables 
* limites des variables de conception ajustées 
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DESIGN AND CONSTRUCTION ASPECTS OF 
FIBREGLASS (GRP) ASSAULT BOAT 

AB. SAMAN ABD. KADER, OMAR YAAKOB, YAHAYA SAMIAN* 

Abstract - To help spur the defence industry in Malaysia, the 
Government is encouraging indigenous research and development effort. 
This paper describes the development of a prototype fibreglass assault 
boat at the Universiti Teknologi Malaysia. The boat, designed for riverine 
and coastal water operations was modelled on aluminium boats currently 
used by the Malaysian Armed Forces. The completed boat has been 
evaluated and some minor modifications will be made on the final 
prototype to be built soon. 

key words : assault boat, construction, glass fibre, design. 

INTRODUCTION 

DEFENCE RESEARCH AND DEVELOPMENT IN MALAYSIA 

The defence industry in Malaysia is still in its infancy. Malaysia still 
imports a substantial amount of its defence equipment and technology. In 
1989, out of a defence spending of $4.35 billion, the bulk goes to the 
purchase of military hardware. 

To reduce dependence on foreign expertise and technology, the 
government is encouraging R & D and the expansion of local defence 
industry. The reorganisation of the Defence Science Research Center 
(DSRC) in 1990 and the privatisation of the Naval Dockyard in 1991 is 
expected to spur the progress of the defence industry. An area that is 
currently being viewed as a viable sector to be developed is that of ship 
design and small boat construction. A National Ship Design Center is 
being set up in Universiti Teknologi Malaysia (UTM) and the facilities are 
expected to be completed by 1995. A number of research projects are 
being carried out at UTM and this includes implementation of GRP in 
boat construction. This paper reports on the efforts of a group of 
researchers investigating the design and construction of assault boats. 

* Lecturers at the Faculty of Mechanical Engineering, 
Universiti Teknologi Malaysia, 80990 Johor Bahru, Malaysia 
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THE PRESENT ASSAULT BOAT 

An assault boat is used by the armed forces for various operations. 
In Malaysia, the assault boat is used mainly by assault units of the 
Malaysian Armed Forces in water-borne operations in riverine and coastal 
areas. The boat is currently made of aluminium and since there was no 
capability of Malaysian yards in this material, the boats were imported 
from various countries. 

There are problems in using the aluminium hulls; they are 
expensive, heavy, and require regular maintenance. Moreover, the 
technology is never transferred. It is thus strategically important for the 
DSRC to seek alternative material and to develop indigenous technology 
in the design and construction of such boats. UTM is thus given the 
responsibility to study this possibility by developing and testing 
prototypes. 

DESIGN STUDY 

THE REQUIREMENTS 

The design of the assault boat was to comply with the requirements 
shown in Table I. 

THE MAIN DIMENSIONS AND PARTICULARS 

The requirements were translated into the principal dimension as 
follows: 

LOA : 5.40 m 
Breadth : 1.8 m 
Depth : 0.8 m 
Draught (empty) : 0.15 m 
Draught (laden) : 0.35 m 

HULL FORM 

The hull form was derived from the basis boat ie. the aluminium 
boat with slight modification to improve its beaching condition. Figure 1 
shows the body plan of the boat and the form coefficients at design 
water-line are as follows: 

Cb = 0.6498 Cpl = 0.8143 Cm = 0.7980 

HYDROSTATICS AND STABILITY 

The hydrostatics curve is shown in Figure 2 and the stability 
calculation was made and checked using normal criteria for small boats. 
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SCANTLINGS 

In order to fulfil the requirements for stability and watertightness, a 
sandwich double skinned construction was chosen with polyurethane 
foam as the core material. The scantlings for the boat were calculated 
using Lloyds Rules and Regulations for the Classification of Yacht and 
Small Crafts. Scantlings of the major structures are shown in Table II. 

CONSTRUCTION ASPECTS 

GLASS REINFORCEMENT 

Glass has the advantage of very high strength, dimensional stability 
and capable of suiting various shapes. E-glass Chopped Strand Mat 
(CSM) is chosen because it is cheap and easily available. It is randomly 
laid up and reinforced with resin to result in laminate similar in all 
directions. E-glass Woven Roving (WR) is also used along with CSM. It 
provides higher strength if arranged unidirectionally or bidirectionally. 

RESIN 

The resin is of a polyester type. This is the most suitable resin for 
most small boat building. It does not need heat or pressure to cure. It has 
a fast dry characteristic. The glass/resin ratio should be determined and 
controlled to obtained optimum strength. 

METHOD OF PRODUCTION 

The most popular and suitable method for small boat building is 
hand lay-up and this method was chosen for the construction of this 
prototype. Resin mixed with 1% - 2% catalyst and accelerator was 
applied to fibreglass mats and rolled throughout to prevent the formation 
of air bubbles. 

CONSTRUCTION PROCESSES 

The process of building a small GRP boat from a totally new 
design can be termed as Total Production'. This is simply that the whole 
process in the workshop start from zero. The whole production can be 
divided into: 
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(i) Construction of Frame and Plug 
This is a process of arranging the full scale template on a wood 
base for each station from the plan. Once the series of templates 
from station 0 to station 10 are completed, they are then covered 
with thin plywood formica or C-flex material. Poly putty cement 
was used to fill and smooth some surfaces. The plug built resulted 
in the production of a female mould. Since the boat was intended 
to be built of a double skin, the whole process in this section was 
repeated resulting in a plug capable of producing a male mould. 

(ii) Construction of moulds 
As mentioned earlier, two types of moulds i.e female and male 
mould were built. After the application of thin gelcoat, the first 
layer of the mould was laminated with CSM and followed by a 
few layers of WR. This is to ensure the moulds are strong enough 
for mass production purposes. Before the moulds were separated 
from the plugs, foam and wood reinforcement were applied 
throughout the body to strengthen the structures. 

(iii) Construction of Prototypes 
Only one prototype was built for evaluation purposes. Both 
female and male moulds were used for the construction of the 
two-skin prototype. The outer skin is bigger by 4 cm in size 
throughout compared to the inner part for the purpose of foam 
injection in the sandwich construction. 

FITTING PROCESS 

This is a process of joining the outer and inner part of the 
prototype. The use of longitudinal and transverse stiffeners is minimised 
due to sandwich construction. Other fittings are specifically based on the 
specifications and requirements intended for the boat such as: 
(i) The production of a non-skid floor. This has to be done much 

earlier while in the process of making the plug and male mould. 
(ii) Fitting of bow-eyes for air-lifting of the boat. 
(iii) Carrying rail for the purpose of carriage of the boat by the 

personnel while in operation. 
(iv) Drain plugs were built at three strategic location within the 

transom and floor. 
(v) Collapsible seat on each side of the boat. The seats are built using 

aluminium materials. 
(vi) Engine mounting has to be secured using hard rubber for tight 

clamping of the engines. The mounting should be able to mount 
twin engines at one time for synchronised operation. 
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(vii) Rafting facilities such as stern joint, bottom clamp, ramp, saddle 
and extra. 

(viii) Machine-gun mounting. 

PROTOTYPE EVALUATION 

Upon completion of the fitting process, the prototype was ready for 
various stages of evaluation by the Armed Forces Evaluation Team. 

(i) Physical Inspection 
This was done in the workshop. The inspection mainly covered to 
the measurement of the principal dimension, requirements for 
fitting as well as quality of joints and surfaces. 

(ii) Water Borne Evaluation 
This important evaluation was done to check the performance of 
the vessel in actual operating conditions against the initial design 
requirements. The following test were done in riverine and coastal 
waters according to standard testing procedures: 
(a) Portability test to ensure the boat can be lifted up 

conveniently by specific number of personnel. 
(b) Friction test to observe the effect of beaching. 
(c) Nesting was done by calculation since three boats needed 

for such a test are not available. 
(d) Engine mounting stem and aft and twin engine mounting 

for stern. 
(e) The maximum number of personnel complete with ration 

and ammunition were placed inside the boat to check space 
capacity. 

(f) Speed test to determine speeds for unladen and laden 
condition. 

(g) Water tightness test to observe leakage throughout various 
joint and structures in the boat. 

TEST RESULTS 

The results of the test on the first prototype reveals that the boat 
meets all the requirements except the following: 

i. The speed required was not achieved using the 40 HP outboard 
motor as specified. 

ii. There is a need to improve some fittings to ensure ease of 
operation. 
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The above will be taken into account in the design and construction 
of the second prototype which will begin soon. The hull form will be 
modified to improve its powering characteristics particularly in waves. 

CONCLUSION 

A prototype fiberglass assault boat has been successfully built and 
tested and this will be the basis for further development of the boat. The 
project proves that close cooperation between the Armed Forces and 
research institutions is necessary and beneficial in creating local 
indigenous defence technology. 
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Requirements Description 

Payload 12 men with outfit, weapon and accessories 

Speed 12 knot unladen and 10 knot laden 

Weight 248 kg empty 

Portability Can be carried by 6 men and transportated by 3 tan truck 

Maintainability Require minimum maintenance 

Space capacity Adequate for troops, weapons, outfit, lifejackets, etc. 

Nesting Three boats can be nested together 

Buoyancy Unsinkable when filled with water in normal or capsized 
condition. Remain afloat when punctured. 

Tableau I - Cahier de charges, bateau d'assaut. 
Table I - Design load for assault boat. 

Items Results 

Thickness of end layer (t) 0.7 mm 

Bottom Shell weight 3 277.5 g per sq. metre 

Shell thickness and number of layers 11 x 0.7 mm 

Height of Bottom Shell 430 mm 

Keel Thickness 17 x 0.7 mm 

Keel Width 432.5 mm 

Transom Shell Thickness 8 x 0.7 mm 

Weight at Boundary 4365 g per sq. metre 

Thickness at Bouddary 15 x 0.7 mm 

Stiffener Spacing 380 mm 

Stiffener Section at floor centre 51.5 sq.cm 

Stiffener section at frame side 18.25 sq.cm 

Tableau II Echantillonnage 
Table II Scantlings 
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Figure 1 : Plan du corps. 
Body Plan. 

Figure 2 : Courbes hydrostatiques. 
Hydrostatic curves. 

74 



Nautical construction with composite materials. Paris, December 7th to 9th1992 
IFREMER, Actes de colloques n° 15, paper n° 7 

7 

PRELIMINARY STRUCTURAL DESIGN OF SANDWICH 
CORED VESSELS 

C. PREVITE * 

Abstract - Fiberglass laminate design is of deep concern to marine 
designers and engineers. This presentation summarizes the topic of core 
selection for marine structures. It provides a schematic approach to 
de-complicating laminate design, reviews the attributes of different 
types of Polimex cores and outlines the principal causes of sandwich 
failure. For sake of brevity engineering analysis and formulas have been 
greatly abbreviated. 

Key words : sandwich, PVC, design, failure, analysis. 

INTRODUCTION 

Sandwich construction has been a fast developing concept for 
marine structures for the last 20 years. Over the last 7 years virtually all 
U.S. built pleasure vessels under 43m have been constructed in 
fiberglass sandwich [1, 2]. The capability of the concept has been 
proven, is widely accepted and a number of successful vessels are in 
operation. 

But for those not accustomed to designing sandwich laminates, 
there seems to be an endless number of "What ifs". Often the size and 
complexity of a vessel, coupled with potential liability of failure, drives 
the builder to add more laminates, "just to be sure." 

Engineers typically design fiberglass laminates based on 
assumptions of material homogeneity. Load response and stress analysis 
are based on engineering formulas borrowed from steel and aluminum 
design. This practice does not accurately predict the behavior of 
fiberglass laminates under stress and usually results in a conservative 
structure. 

* Polimex USA 
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REVIEW OF SANDWICH CONSTRUCTION 

One major disadvantage of GRP is its low flexural modulus. 
Therefore, deflection limitation is the controlling design parameter. 
Because of this the designer must either use an extensive network of 
stiffeners and frames or select reinforcements and resin systems with 
higher flexural moduli or move on to sandwich construction. 

Sandwich construction increases the sectional properties of the 
laminate without increasing weight. Generally, section properties, 
inertia and section modulus can be increased in three ways, each with 
different levels of efficiency. The laminate can be made thicker, can be 
stiffened or sandwich construction may be used. These options can be 
used singularly but are typically used together. 

Sandwich construction increases stiffness by splitting the 
laminate and inserting a thick, lightweight core. A thick core increases 
the sectional moment of inertia of the laminate and therefore its 
resistance to bending. Sandwich weight is kept to a minimum by using 
low density cores. 

SANDWICH LAMINATE 

A sandwich laminate consists of three parts: facings, core and 
adhesive. The facings withstand bending moments by resisting tensile 
and compressive forces developed when the panel bends. For the 
facings to be able to resist bending moments, they must be prevented 
from moving relative to each other both in plane and out of plane. They 
must also resist general and local buckling loads, impact and abrasion. 

The core must withstand shear stress generated by the sliding 
movement of the facings under load, and it must hold facings 
equidistant from each other. Failure to maintain panel thickness will 
result in reduction in the ability of the facings to resist bending loads. 
Inadequate core shear strength will result in core shear failure, 
independent movement of the facings and a flexible panel. Interesting to 
note, deformation of a failed sandwich panel will depend only on the 
physical properties of the skins in flexure. Core shear strength has little 
to do with resistance to bending. 

Although not as significant, core shear modulus is a measure of 
shear stiffness and a factor in the deflection of sandwich panels. If an 
elastic core is loaded in shear, it will deform more than a rigid one. It is 
clear, then, that a sandwich with an elastic core will not be as stiff as 
one with a rigid core. 

A sandwich panel, under flexural load, deflects as a result of 
bending deformation and shear deformation. The bending component is 
a function of facing stiffness and thickness and core thickness. Shear 
deformation is a function of core shear modulus and core thickness. 
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The final component, the adhesive, forms a continuous bond 
between facings and core. It transfers the compressive and tensile forces 
from the facings to the core and resisting forces from the core to the 
faces. In the marine industry this adhesive is typically the resin used for 
laminating. New syntactic adhesives are evolving which greatly 
improve adhesion and bond-line performance [1]. 

Often taken for granted, inadequate bonds between facings and 
core are responsible for more sandwich failures than failure of either the 
facings or core. The bond line must be continuous, void free and of 
consistent thickness. It must be rigid enough to transfer stress yet elastic 
enough to absorb and mitigate shock. Special adhesive systems and 
materials are being developed which are designed to be tougher, easier 
to apply and more reliable than conventional means of bonding core [3]. 

SANDWICH FAILURE MODES AND PREVENTION 

Sandwich structures are loaded in-plane, out-of-plane and in 
combination [4, 5]. It is therefore beneficial for the designer to be 
acquainted with the various ways foam cored panels can fail. Generally, 
there are five: 

Facing failure in tension or compression 
Core failure in shear or in compression 
Failure by general buckling 
Failure by local buckling 
Bond-line failure 

Facing stress is the sum of the moments applied to the panel 
and possibly an in-plané load. If the stresses in the facings exceed the 
critical strength of the material, the facings fail either in tension or in 
compression. 

Under bending load the core is subject to shear stress only. If 
shear stress exceeds the foams' shear strength, it will fail. Shear stress is 
uniformly distributed throughout the cross sectional area of the core 
and, therefore, is fairly easy to predict. Since foam cores are, for all 
practical purposes, isotropic, their selection and sizing is relatively 
simple. 

Highly elastic foams with low shear moduli typically do not 
fail catastrophically in shear. Excessive shear deformation under load 
causes these foams to become thinner. The panel develops membrane 
stresses and is capable of withstanding exaggerated deformations 
without hard failures. 

In either case greater design loads may be applied by either 
selecting a core with greater shear strength or by increasing the shear 
area of the core by making it thicker. Making the panel thicker increases 
its resistance to bending and consequently reduces stresses in both the 
facings and core. 
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Sandwich panels under in-plane compression load are subject 
to general buckling [6]. Because general buckling is a function of end 
fixity, aspect ratio and mechanical properties of the materials, plates can 
fail in compression below the ultimate strength of the materials. 

If general buckling is a design consideration, it may be 
overcome by selecting facing materials with higher elastic moduli, 
increasing the facing thickness, increasing core thickness and increasing 
core shear modulus. Of course, any combination may be used to 
compensate for general buckling. 

Local sandwich buckling results when the core is incapable of 
supporting the facings laterally. The facings can wrinkle if the core does 
not have sufficient tensile or compressive strength to stabilize them 
from either collapsing into the core or tearing away from the core. Local 
buckling is not related to structural geometry or end restraint. 

If local buckling is a problem, the designer should specify 
facings and core with greater elastic moduli. Note that local buckling is 
just that—local, and increasing core thickness will not help appreciably. 

DESIGN 

Caprino and Teti [4, 5] elaborate on the apprehension of 
designers and engineers to design in composite sandwich. This is due 
largely to inadequate knowledge of sandwich structures and to the 
unavailability of mechanical properties of polymer materials. The 
investigation into the mechanical properties of polymer materials is 
beyond the scope of this paper. But a review of the basic analysis of 
sandwich structures is important. 

As mentioned earlier, a sandwich structure is subjected to 
tensile and compressive stresses in the facings and shear stresses in the 
core. The stress within the core is simple load over unit area and will 
not be discussed further. 

The stresses developed in the facings by a moment can be quite 
complex if the facings are of different materials and thicknesses. For 
facings of equal thickness and same material, the stress may be 
predicted by assuming isotropic properties and equations 1 and 2. 

If the facings are made up of a number of plies of different 
materials, then the stress in any one ply may be predicted based on 
equation 3. 

Deflection under load is a function of flexural rigidity of the 
sandwich. Again, calculating this can be quite complex depending on 
the complexity of the individual plies of the sandwich facing. 

Equation 4 predicts the flexural rigidity of a sandwich with 
facings of equal thickness and elastic modulus. For sandwich with 
facings of different elastic moduli and thickness, the flexural rigidity 
may be predicted by equations 5 and 6. 
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When one or both sandwich facings are made of two or more plies of 
different materials, the equivalent modulus to be assigned to the facings 
must be evaluated. Equation 7 solves for the equivalent elastic modulus 
in the facings. 

Obviously, these formulas are not comprehensive and this 
author recommends review of reference 4 and 5 for a more 
comprehensive treatise on sandwich design. 

CORE SELECTION 

The designer and builder must consider more than the stress 
within the core. They are responsible for determining the best means of 
installation and quality assurance as well as predicting stress. 

To select the proper core the designer must identify the 
"Performance Driven" requirements of the core [1, 4-6]. These are: 

Installation requirements 
Resin systems 
Core adhesive systems 
Pressure application 

Application requirements 
Hull bottom 
Hull topsides 
Decks 
Internals 
Special consideration 

Hierarchy of Failure 
Core shear or yield 
Bond-line failure 
Debonding of frames and stiffeners 
Rupture of facings 

Cost 
Cost of core 
Cost vs. strength/weight 
Ease of installation 
Benefit to marketing 

As we can see there are a sizeable number of considerations to be made 
in core selection. 

PRELIMINARY STRUCTURAL DESIGN 

When designing any structure, it is important to develop a step 
by step "cook book" of analysis. This is useful for two reasons. It 
creates an analysis routine, and it increases the efficiency by which 
analyses are made. 
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Following is a basic analysis routine for sandwich design of 
vessels. It is a schematic approach to a complex effort and presented 
without formulas for numerical analysis. It makes no difference whether 
the laminate designer uses beams or plates to analyze the structure; the 
basic concept is the same... reduce the structure to easily managed 
components which can be analyzed independent of other components. 

SANDWICH DESIGN SCHEME 

Following is a widely used design scheme for structural 
analysis [6,7]. 

Step 1) Define Panels 
Step 2) Define Loads 
Step 3) Define Maximum Allowable Deflections 
Step 4) Design Laminates 
Step 5) Check Stresses 
Step 6) Optimize 

Step 1) Define Panels. Reduce the structure to its basic 
components. The basic infrastructure of the vessel represents the 
principal support system to the hull and deck. It includes: 

Longitudinal and transverse stiffeners 
Bulkheads 
Engine beds 
Frames 

a) Isolate panels which will set the structural standard for the rest of 
the boat. 

Midships hull bottom panels 
Forward hull topside panels 
Foredeck panels 
Deck house front 

b) Determine panel end conditions. 

Step 2) Define Loads. We design vessels that operate within 
the complex interface of water and air. The task of identifying loads on 
a surface vessel hull is at best an educated guess. For this reason 
historical hull scantlings are often used for structural design. When 
considering loads on the vessel, break them down and identify the 
dominant forces. If the component will see combination loads, make 
sure they are sized to accommodate them. 

Step 3) Define maximum allowable deflections. Fiberglass, in 
comparison to steel or aluminum, is excessively flexible. We frequently 
build fiberglass structures so they are acceptably stiff since flexibility is 
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commonly associated with weakness. Single skin laminates built to this 
rationale are almost always excessively over-built in terms of strength. 

Step 4) Design laminate. For preliminary structural analysis 
assume the fiberglass to be isotropic. 

a) Analyze the structure assuming isotropic beams and plates. Even if 
you will optimize the laminate using sophisticated computer programs 
and micro-mechanics, you will need a stalling point from which basic 
data can be drawn. 

b) Design a solid laminate to meet deflection criteria and strength. 
c) Convert to sandwich laminate. Sandwich thickness and core shear 

area may be solved by making the sandwich inertia and section modulus 
greater than or equal to the solid laminate. 

Step 5) Check stresses. Verify that the stresses under load are 
less than the critical stress of the materials. Note: If laminate is 
asymmetrical about the core, use transformation of section method for 
calculating inertia and section modulus. 

Step 6) Optimize structure if weight is a critical factor. 
Optimization begins when we consider the structural effects of other 
components acting as a unit. At this point the analysis may either 
continue by going back to step 1 or can be ended if the designed 
laminate fulfills the strength and weight requirements of the structure. 

DESIGN REQUIREMENTS 

In review, sandwich should be designed to meet the following basic 
structural criteria: 
* Facings should be thick enough to withstand tensile and compressive 
stresses. 
*The core must have sufficient strength to withstand shear stress. 
*The core must be thick enough and have sufficient shear modulus to 
prevent general buckling. 
*The core should have sufficient compressive strength to resist crushing 
by normal loads to the panel. 

Formulary 

(equ.l) SA = S*A + (SF1 + SF2
) / 2 

(equ.2) oF1,2 = ±M/(b SA SF1) 

(equ.3) oK= = Gp (E
K

 SF/ Σ Е
i

 Si) 
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(equ.4) El = b EF S F (SA
2/2) 

(equ.5) El = EF (SF1 SF2 SA
2
 / SFI

 + SF2) 

(equ.6) El = b EF1 EF2 (SF1 SF2 SA
2 / EF1 SF1 + EF2 SF2) 

Symbols 

SA = Distance between facing centroids 
S*A = Core thickness 
SF1 2 = Facing thickness 1,2 
oF1,2 = Stress in facing 1,2 
M = Applied bending moment 
b = Width of sandwich beam 

oK = Stress in k-th lamina 
oF = Average stress in the facing 
EK = Elastic modulus of the k-th lamina 
Sp = Total facing thickness 
n = Number of lamina in the facings 
Еi = Elastic modulus in the i-th lamina 
Si = Thickness of the i-th lamina 
El = Sandwich flexural rigidity 
EF1 2 = Elastic modulus of the facings 
EF = Equivalent elastic modulus of the facing 
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APPLICATION OF MULTIAXIAL REINFORCEMENTS IN THE MARINE 
INDUSTRY 

J. TABY,1 B. H0YNING 2 

Abstract - Knitted multiaxial reinforcement are today more and more commonly 
used in the production of marine vessels. This is due to superior strength compared 
to traditional reinforcements such as woven roving and chopped strand mat. 
Strength properties in different resins are documented, and multiaxial and woven 
reinforcements are compared. Special attention is paid to interlaminar properties, 
and it is apparent that no intermediate layers of chopped strand mat are necessary 
when using multiaxial reinforcement. Methods of analysis are discussed, the 
influence of fibre orientation on strength and stiffness of structures is described, and 
a case study reveals considerable weight and cost saving potential. 

Key words : knitted fabrics, multiaxial reinforcements, composite materials 

INTRODUCTION 

The most delicate choice in designing with composites is probably the 
material selection as a wide and expanding range of materials are available. 
Technical, production, environmental, and economic criteria have to be considered. 
In the traditional marine industry heavy E-glass woven roving with intermediate 
layers of chopped strand mat, (CSM), is widely used. 

Knitted fabrics have far better properties than weave due to straight fibre 
bundles without the wavy pattern of a weave (see Tables 1 and 2). Knitted fabric is 
the designation of a fabric where layers of parallel bundles of yam or roving are 
knitted together in two's or in a multilayered construction with different orientation 
of the fibres in each layer as shown in Fig. 1. 

In the following, knitted Multiaxial reinforcement is abbreviated to MA. In 
order to utilize the potential of the MA reinforcement, the user should be aware of 
some important factors. These factors together with technical and economical 
aspects are highlighted. In the marine industry glass fibres are, in most cases, found 
to be the optimum choice with respect to durability, workability and cost. For this 
reason the following concentrates on glass fibre reinforcement. 

1FiReCo AS, Norway, Manager, Composite Engineering Dept. 

2FiReCo AS, Noway, Technical Manager, Composite Engineering Dept. 
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FABRICATION POSSIBILITIES 

The basic design of knitted fabrics provides many advantages : First, the 
reinforcing fibres are laid flat eliminating the "crimp" that is present where woven 
fibres cross over and under one another. Second, the fibres may be arranged in a 
variety of configurations, from unidirectional to six-axial or more, in preferred 
directions without increase in cost and without adverse effect on processing 
characteristics. It can be combined with CSM or tissues on both sides. In addition 
the drapeability can be adjusted by varying the knitting configuration and the 
yarn/roving selection. Dependent on type of manufacturing equipment, the fabric an 
be tailor-made with little extra cost, even for small quantities. MA's can replace 
wovens in almost all products. In addition to hand layup and vacuum bagging, they 
are used in RTM, vacuum injection, and pultrusion processes. 

REINFORCEMENT QUALITY 

Typically in the marine industry, glass has been used in low-performance 
structures, and often little attention has been paid to the quality of the glass 
reinforcement, compared to the quality requirements for the more expensive 
reinforcements of aramid and carbon used in aerospace and special "racing" units. 
As a result, strength and experience from "low-tech" glass reinforced applications 
are the basis for methods of analysis, design criteria and authority requirements. In 
order to enhance the technology in the marine field and utilize the potential in using 
glass fibre reinforced composites, the users and designers have to pay more attention 
to the quality of the reinforcement products. A properly composed E-glass 
polyester/vinylester laminate may easily behave better with respect to strength, than 
aramid-epoxy laminates and even better than carbon-epoxy laminates. Fibre, sizing 
conformity, manufacturing of reinforcement, and style of reinforcement fabric, are 
all of major importance in order to achieve high quality reinforcements suitable for 
the intended use. 

FIBRE QUALITY 

The different glass manufacturers use basically the same chemical 
formulation of their glass. More pronounced variables are filament diameter and the 
way of assembling filaments in yarn and roving with respect to filament breakage 
and uniform tension. There exist large differences in product properties between the 
different glass suppliers. Normally the customer will never know the origin of the 
glass. Within the same delivery of reinforcement, it may happen that the glass is of 
variable quality. The customer should have in mind that there exists a lot of cheap 
glass on the market and the reinforcement producer may fall into the temptation of 
using that. The customer of reinforcement should know the conformity of the 
delivered yam/roving and also require a system of quality assurance. 
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SIZING QUALITY 

The sizing influences the short and long term properties and resistance to 
environmental degradation. The different fibre manufacturers have their own 
formulations for the different types of resin systems obviously some are better than 
others. Some are rather bad. The name "silane" only tells something about the type, 
not how it works in practice. 

QUALITY OF PRODUCTION 

If all raw materials are as specified, there is still a possibility of having a 
reinforcement fabric of unspecified quality. MA's have a lot of production 
parameters besides the tex and area weight, ie. type of knitting yarn, length of the 
stitch, tension of knitting yarn, distance between the needles, knitting pattern, speed 
of production (accuracy), layup of fibre bundles, type of manufacturing machinery, 
fibre tension and evenness of tension, sequence of fibre orientations (+ - or - +). 
There exist several production techniques and different principles or producing MA. 
So far the LIBA type machinery has been demonstrated to be the best suited one for 
reinforcement production. 

MECHANICAL PROPERTIES 

In order to make correct decisions regarding materials selection, a full set 
of mechanical properties must be available. In this section, some of the results from 
a large test program are presented. The main goal of the program is to establish 
reliable design data, but at the same time it reveals the benefit of MA over woven 
fabrics. It must be emphasized, that test methods of composites are not all suitable 
for the purpose, especially for in-plane shear, interlaminar shear, and impact 
properties. 

TYPICAL MECHANICAL PROPERTIES OF MA-LAMINATES 

Due to the straight fibres in MA's, stress concentrations as experienced in 
laminates of woven fabrics are avoided. In [1] and [2], the so called fabric efficiency 
is found for different fibre materials. The efficiency is determined by comparing 
properties of laminates with [0/90] knitted fabrics and woven fabrics. Results are 
displayed in Table 2. It can be seen that the negative effect of the waviness in woven 
fabrics is severe for laminates with glass and carbon fibres, while aramid is less 
affected. Compression and interlaminar strength in laminates with aramid fibre is 
too low for general structural applications, anyway. 

A number of styles of MA knitted reinforcements have been tested in three 
different thermosets : NPG/iso-polyester, rubber modified vinylester and low 
temperature curing epoxy. All laminates are hand layup in ordinary production 
environment, and postcured for 24 H at 60°C. Results are presented in Table 3. As 
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expected, short term tensile properties are not very sensitive to resin type, but the 
effect on apparent interlaminar shear strength is greater, epoxy being the best, as 
expected. Note the high fibre content obtained with hand-layup. 

INTERLAMINAR PROPERTIES 

In order to improve interlaminar shear strength (ILSS), laminates consisting 
of woven roving must have a layer of CSM between layers This reduces crimp and 
residual stresses in the resin rich areas between the waves, but in-plane properties 
decrease at the same time. 

With flat strand MA's, resin rich areas are avoided, and CSM between 
layers is not necessary. This results in higher fibre content and better ILSS 
properties, as illustrated in Fig.2. Lam 1-MA has 6 layers DB600 ([+45/-45], 
300/300 gr/m2), while Lam. 2-MA/CSM has 6 layers DB600 with intermediate 
layers of 225 gr/m2 CSM. Lam. 3-MA consists of 6 layers L900 ([0], 900 gr/m2), 
and Lam.4-MA/CSM is 5 layers L900 with intermediate layers of 100 gr/m2CSM. 
All reinforcements are laid up in the same resin : a NPG/iso-polyester. 

In Fig.3, through thickness tensile strength (TTTS) of Lam. 1-PA and 3-
MA are compared. The rovings used in the reinforcements are 320 and 3600 tex, 
respectively, and it can be seen that the TTTS is higher for the laminate with lowest 
tex number. This is probably due to better spread of fibres and less stress 
concentration around fibre bundles. 

The conclusion is that CSM in a MA laminate reduces the mechanical 
properties. However, type of resin, tex number and sizing of fibres seem to have 
more impact on interlaminar properties than intermediate layers of CSM. 

IMPACT PROPERTIES 

Impact properties can not be investigated with one single test method ; 
results are very dependent on what kind of impact the laminates are subjected to. 
Velocity, mass, and shape of impact objects, dimensions and support of laminates 
are all important variables in impact tests. Impact with heavy, slow objects may give 
completely different results than tests with fast, small objects. However, standard 
tests may give some indications on toughness, and in Fig.4, impact strength of Lam. 
1MA and 2MA/CSM is given. Again, the laminate with intermediate layers of CSM 
has the lowest properties. 

HANDLING PROPERTIES 

A reduction in lay-up time (by hand) between 30 and 40 % compared to 
WR is reported. This is not only due to MA's increased strength, but from the fact 
that multidirectional strength can be engineered into a single fabric, ie. it is no 
longer necessary to put biased biaxial layers on top of each other. Fast wet-out has 
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contributed to higher productivity. Moreover, thick surface layers, used on top of 
laminates to prevent print through of the wavy wovens, are unneccesary with 
smooth MA's. However, this is dependent on the type of knitting machine and the 
quality of the reinforcement. 

When wovens are cut into patterns, unravelling and fraying are particularly 
problematic. The knitting yarn of a MA keep fibres in place even when the fabric is 
cut into patterns. The drapeability may be adjusted in order to have a "stiff" fabric, 
easy to handle and apply on large relatively flat structures without crumple, while 
more drapable ones are used for complex shapes. 

DESIGNING WITH MA 

The problem in doing a proper strength analysis starts already at the choice 
of strength criteria. The final design depends on the criteria chosen by the designer. 
The two design criteria, First Ply Failure (FPF) and Last Ply Failure (LPF), 
combined with safety factors, often lead to a significantly different choice of 
material and fibre orientations. 

The designer has to use methods of analysis which reflect the real 
behaviour. There exist simple mathematical models which are developed for 
calculations by hand or spreadsheet. Such methods as presented in classification 
rules (for instance DnV[3]), are not valid for laminates and core when laminates 
have more than two fibre directions, or if the material axis is not parallel to panel 
edges. This kind of stress calculation with max. stress failure criteria combined with 
safety factors results in an unknown safety level. 

To predict failure it is essential to use an adequate strength criterion which 
take the behaviour of anisotropic laminates into account. The most common one is 
probably the Tsai-Wu's criterion [4]. This is adopted by DnV in the 1991 rules, in 
addition to the traditional maximum stress criterion. It is assumed that results 
predicted by a Finite Element Analysis (FEA) based on an acceptable element 
model, laminated plate theory and well documented failure criteria, will be the most 
reliable one. 

INFLUENCE OF FIBRE ORIENTATIONS 

It is more and more common to use bi, three and quadriaxial 
reinforcements in order to utilize the advantage of fibre composites by putting the 
strength where it is needed. Fig. 5 shows their potential by altering the fibre 
orientations of a sandwich panel with different aspect ratios (a/b). The panel is 
subjected to uniform lateral pressure. Results include max. deflection, FPF and LPF 
strength with simply supported and fixed boundaries. In all cases the core and total 
amount of E-glass is equal. 

If strength is the limiting factor, the most extreme case shown implies a 
reduction of the laminate weight of about 77 % by changing from [0/90] to a 
[+45/902/-45]. These savings are of the same magnitude which is obtained by 
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changing from [0/90] glass to [0/90] carbon ! In cases where vibration is a problem, 
the deflection results from the simply supported case may act as a guideline. Fig.5 
shows that the optimum laminate is dependent on the choice of design criterion. 
Similar analysis with other fibre materials will usually give a different ranking. 

Obviously the optimal fibre orientation have to be based on all actual load 
conditions ; for instance, in areas where impact is the limiting condition, three or 
more directions and several thin layers will normally be preferable. Some 
configurations are more sensitive to the boundary conditions than others. This 
should be kept in mind when the degree of restraint at the boundaries is difficult to 
define. 

In practice the number of orientations should be limited. In production a 
maximum of four directions is found preferable. It is then possible to reduce the 
number of reinforcement variants in the workshop, and a limited number will reduce 
the complexity and the risk of introducing errors. 

LOCAL, GLOBAL AND PRACTICAL CONSIDERATIONS 

A vessel is a complex structure where panels, stiffeners, bottom, sides and 
decks are subjected to a complex load situation. For instance, hull panels are 
primarily carrying the local lateral load, ie. water pressure and slamming forces. At 
the same time they should act as a flange for the stiffeners and also as a flange or 
web for the hull beam. The hull beam is subjected to bending, shear and torsion. 
Hence, the material selection for the single panel will influence the capacity and 
stiffness of the girder system and the entire hull beam. By proper selection of fibre 
orientations and frame spacing, longitudinally and transverse, a close to optimized 
structure with respect to weight and cost can be achieved. 

A [±45] laminate, alternatively with some fibres in the third direction, is the 
best choice for laterally loaded plates with aspect ratio less than 1.5, and at the same 
time the best one with respect to the torsional stiffness and strength of the hull beam. 
But, as usual, you can not have it all ; bottom panels subjected to slamming for 
instance, should preferably be elongated in the longitudinal direction in order to 
reduce the total slamming load on the panel. For larger vessels the optimum layup 
for such panels may be in conflict with the requirements for longitudinal bending 
strength and stiffness of the hull beam. 

In Fig. 6 the results from a coarse FEA of a simplified section of a SES 
vessel are shown. The results demonstrate the effect on global stiffness in changing 
from [0/90] layup to a near optimum MA configuration. The torsional stiffness for 
this particular vessel is important and by use of MA it is increased 40 % while the 
longitudinal bending/shear stiffness is the same. In both cases the same amount of 
glass is used. 

For beams, girders and bulkheads, the material selection is simpler ; [±45] 
at bulkheads and webs, unidirectional and some [±45] for the flanges, is normally 
optimal. 
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TECHNICAL & ECONOMICAL CASE STUDY 

The 35 metre luxury yacht "MOONRAKER" was chosen as the subject of 
case study, [5]. This is a weight sensitive vessel, as it was designed to a speed in 
excess of 62 knots. In order to convince the yard that MA was the correct choice, a 
weight and economical study were performed, assuming that a traditional woven 
roving/CSM-layup was the alternative. FEM-analysis were carried out using the two 
alternative layups, and the results revealed that for the laminates a weight saving of 
36 % and a material cost reduction of 7 % was possible with the MA-layup. As a 
consequence of less layers and reduced resin consumption, the yard assumed the 
panel laminating work was reduced in proportion with the weight - about 36 %. 

CONCLUSION 

For the customer of reinforcement, it is of great importance that 
reinforcement quality is according to specifications. The easiest way to assure this, 
is to require a system for quality assurance (ISO 9000) all the way from the glass 
manufacturer to delivery of the reinforcement fabric. MA's have many advantages 
over traditional woven roving/CSM : reduced resin consumption, reduced layup 
labour, superior specific properties and better finish. The reinforcement 
manufacturer may easily tailor properties according to customers needs, and, if 
properly designed, a construction utilizing all inherited advantages of MA's has 
considerable weight and cost saving potential. This has been demonstrated for a 
large number of constructions. The choice of failure criteria and design criteria will 
influence the results, hence, optimum design will be dependent on these. Simplified 
isotropic plate theory is not relevant for prediction of behaviour of anisotropic 
composites. FEA is the best alternative, and no short cuts exist. The use of MA's 
will normally require a more comprehensive system for QA/QC in the workshop. 

1 J. TABY, R. JOHNSEN and B. HOYNING, FiReCo AS "Composite materials 
and structural analysis of/high speed and light marine crafts : A guide to material 
selection and methods of analysis", Royal Norwegian Council for Scientific and 
Industrial Research, MV 01.28551,1992. 
2. C. ZVEBEN and J.C. NORMAN, "Kevlar" 49/"Thornel" 300 Hybrid Fabric 
Composites for aerospace Applications, SAMPE Q, July 1976. 
3. DnV, "Rules for Classification of High Speed and light Craft", 1991. 
4. S.W. TSAI, "Composites Design", 4th edition, 1988, ISBN 0-9618090-2-7. 
5. B. H0YNING and P.F. HANSEN, "Investigation of cost and weight saving 
potential of multiaxial reinforcement in FRP constructions : a case study", FiReCo 
AS, 1992. 
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Figure 1 composition ae renfort multiaxial (LIBA). 

Multiaxial reinforcement construction (LIBA). 

ILLS [MPa] 

Figure 2. Résistance interlaminaire apparente en cisaillement, 
ASTM D2344-84. 

Apparent interlaminar shear strength. 

TTTS [MPa] IMPACT STRENGTH [kJ/m^2] 

Figure 3. Résistance en traction dans l'épaisseur, 
ASTM C297-61. Figure 4. Résistance au choc DIN 53453. 

Through thickness tension strength. Impact strength 
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Displacement (rel.), simply supported 

FPF Strength (rel.), simply supported 

LPF Strength (rel.), simply supported 

Displacement (rel.), fixed edges 

FPF Strength (rel.), fixed edges 

LPF Strength (rel.), fixed edges 

Figure 5. Résistance relative (Tsai-Wu FPF et LPF) et deflexion 
maximale pour panneau supporté ou encastré sous pression répartie. 

Renfort MA verre-E, 32 % vol. 
Relative strength (Tsai-Wu FPF and LPF) and max. deflection for simply 

supported and fixed sandwich plate. Uniform lateral pressure. 
MA E-glass reinforcement 32 % (vol.). 

91 



Torsion Bending and shear 

Relative stif ness 

[0/90] MA 

KM 
1.00 1.4 

KF 1.00 0.99 

Figure 6. Renfort MA comparé à (0/90), raideur globale. 
Effect of MA versus (0/90) reinforcement on global stiffness. 

Tableau 1. Propriétés absolues et relatives de composites à renfort tissé 
(WR) et cousu biaxial (MA), verre/polyester. 

Table 1. Absolute and relative properties of woven roving (WR) and 
biaxial knitted fabric (MA), glasslpolyester composite. 

PROPERTY. WR/CSM MA INCREASE 

Tensile strength [MPa] 212 428 102% 

Elastic modulus [GPa] 13.7 19.6 43% 

Elongation, % 2.05 2.95 44% 

Fibre cont. wt% (vol%) 45.0 (26) 60.7 (40) 35% (50%) 

Load capacity 
pr. kg glass 

1.0 1.32 32% 

Load capacity 
pr. kg laminate 

1.0 1.77 77% 

Stiffness 
pr. kg laminate 

1.0 1.26 26% 
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Tableau 2. Propriétés de stratifiés à renfort tissé aramide, carbone et hybrid, 
comparées aux stratifiés à fibres hybrides (0/90) 

unidirectionnelles cousues et aux fibres de verre (0/90), normalisé à 65 % 
volume de fibres. 

Table 2. Properties of aramid, graphite and woven hybrid fabric 
laminates made from (0/90) unidirectional layers including pure (0/90) 

glass (data normalised to 65 % vol. fibre). 

Ratio 
aramid/ 
graphite 

Tensile 
modulus 

0/90 
[GPa] 

Tensile 
modulus 

fabric 
[GPa] 

Fabric 
efficiency 

% 

Tensile 
strength 

0/90 
[MPa] 

Tensile 
strength 

fabric 
[MPa] 

Fabric 
efficiency 

% 

Compress. 
strength 

0/90 
MPa 

Compress. 
strength 

fabric 
MPa 

Fabric 
efficiency-

% 

100/0 36.5 35.8 98 579 544 94 165 152 92 

50/50 55.1 48.2 87 572 400 70 407 227 56 

25/75 69.6 57.2 82 661 434 66 641 317 49 

0/100 72.3 59.9 83 730 434 59 965 558 58 

E-glass 
100% 

30.8 29.8 97 659 525 80 580 — -

Source: [1] and [2] 
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Tableau 3. Propriétés mécaniques typiques de stratifiés MA cousus 
(machines LIBA). Fabrication par contact, sans vide. 

Table 3. Typical mechanical properties of knitted MA-laminates (LIBA 
knitting machines). Laminates : ordinary hand lay-up, 

without vacuum bagging. 

Reinforcement style Resin Fibre Tensile strength E-modulus Ult. elongation Interlam. shear 
weight ASTM-D3039-76. ASTM-D3039-76 ASTM-D3039-76 ASTM-D2344-84 

[MPa] [GPa] [МРа] . [MPa] 
% ±45° 0° 90° ±45' 0° 90“ 

± 45° 
±45° 
±45° 0° 90° ±45° 0° 90° 

DB 800-E01;(biaxial) P 59.9 425 19.5 3.0 32.6 
[+45/-45], P* 68.9* 501 22.1 3.2 
400/400 = 800 g/m2 V 63.5 426 19.6 3.0 42.5 

E 59.2 397 19.3 2.6 45.0 
DBL 850-E01;(triaxial) P 57.9 425 95 18.1 7.8 2.9 2.9 
[+45/-45/0], V 111 8.4 3.3 
200/200/425 = 825 g/m2 E - 406 103 18.5 7.7 3.0 3.8 
DBT 800-E01;(triaxial) P 59.6 95 555 9.9 19.3 2.7 3.4 
[+45/90/-45], V --

200/400/200 = 800 g/m2 E -
L 900-E01; (UD) P 58.4 708 47 27.9 8.5 — 40.8 
[0], 900 g/m2 V - 711 27.5 2.6 44.7 

*this laminate is made in a low compression tool 

P = Polyester : Norpol 20M-80 from Jotun Polymer 
V = Vinylester: Norpol 92-40 (= tixotropic version of 8084 from Dow Cheimcals) 
E = Epoxy: STM from REA Industrie 

All reinforcements made by DEVOLD INDUSTRI AS 
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OPTIMIZED BOATBUILDING : CHOICE OF MATERIALS 
AND PROCESSING HAND IN HAND 

E.v. GELLHORN* G. MITTELMAN ** 

Abstract - Sandwich panels with a facing of laminated fibre reinforced 
plastics are now established boatbuilding materials. In the last few 
years they have begun to replace the traditional metal and wood in ship 
and marine construction. Todays' materials are usually selected on the 
basis of minimum cost and simplicity of construction. This is often 
contrary to the demands of the owner who wants an inexpensive, safe, 
easy-care and long-lasting ship. The requirements of boatbuilder and 
operator can easily be satisfied if the combination of the best choice of 
materials and new, rationalized construction methods are considered. 
Taking the construction of the boat "Sandwich" as an example we will 
demonstrate the increased importance of the tough rigid linear PVC 
foam core materials and how this property is used to advantage in an 
integrated overhead construction. 

key words: PVC, core, sandwich, construction, optimization. 

NEW BOATBUILDING MATERIALS 

In addition to air and space technology composites (FRP) are firmly 
established in the leisure boat market. This includes boatbuilding, 
where the surface FRP layer of sandwich panels can give the owner a 
maximum of comfort and security. This third generation material has 
replaced metal, which in its turn, superseded wood a few decades ago. 
Since these materials have only been on the market for a few years and 
many engineers are still working to the rules applying to classic 
materials, conversion to sandwich panels frequently takes the form of a 
1:1 substitution of metal : sandwich construction. Many problems 
originating from costs or material properties arise because the 
construction is not 100 % suited to the material. 

* Airex, Sins, Switzerland 
** Airex, Kappeln, Germany 
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The criticism "something newfangled with much too weak foam in 
between which will just cause me problems" can still be heard 
frequently today. Apart from this technically untenable opinion, several 
inherent additional properties which are particularly important in 
boatbuilding are totally ignored: 

Suppression of wave-noise 
Thermal insulation against condensation 
Simple increase of panel size 
Drastic reduction of total building costs 
Considerable weight reduction 

One of the chief reason for this reservation towards sandwich panels 
probably lies in the fact that, during the building stage, the constructor 
must have detailed knowledge of fibres, resins and foams combined 
with possible manufacturing techniques. 

This combination of material properties and technique is vital 
because the final material is produced during the building stage, and the 
properties are created according to requirements by the appropriate 
combination of the three components mentioned above. In this last 
point, the active creation of material properties, lies a particular 
problem for the beginner for whom nothing appears to be constant. The 
unbelievable number of possibilities are confusing and this, combined 
with ignorance, leads to fear of something new. The combination of 
these two factors then leads to emotional rejection. 

In fact, sandwich-panels are the alternatives which, of all materials, 
best fulfil the requirement for ecology friendliness. 

Selection of materials 

Materials should be selected using the following criteria: 

1. Allowing the simplest and most rational production with the 
aim of minimizing total building costs 

2. High tolerance of wear and damage. Forgiving material. 

In relation to the first point, a conflict of interests often arises between 
the material buyer, the production and the designer when each one only 
sees his own special field. This is illustrated by the realistic figures for 
series production for eight equal types of boats: 

- Comparison of total costs between an aluminium boat and a FRP boat 
(sandwich construction) shows 17 % lower total costs (Table 2). From 
the viewpoint of the material buyer the boat looks astronomically 
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expensive and, according to his position, either the buyer or the 
designer will have trouble presenting his arguments because only these 
direct material costs and not the considerably reduced production costs 
(man hours) are taken into consideration. 

- A change from single skin to sandwich construction will also lead to 
an adjustment of costs (Table 3), although total costs remain the same. 
It is precisely this division of responsibility which makes it difficult for 
us foam suppliers to get innovations moving because, at first, there are 
always the immediate material costs which are noticed. The resulting 
savings in production are either unnoticed or disbelieved. 

The second point concerns the designer and the boatbuilder. The 
designer sees in the first place only the mechanical values concerning 
strength and rigidity. Since in the classification rules only general 
safety factors exist in the guidelines which in no way take into account 
the toughness and failing mode of the core material (Fig. 1), materials 
giving high strength and rigidity will be preferred, even if they are 
brittle. The fact that tougher materials are easier to work with in the 
spherical shaped surfaces - in other words they do not have a 
catastrophic failure rate - does not interest him in this case. 

There is a similar situation in construction when only the basic 
production is of primary importance. Many shipyards have only semi-
skilled workers and the owner of the shipyard lacks the time to train 
them properly. Therefore materials tend to be selected which are simple 
and easy to work with, regardless of whether it is technically 
justifiable. This is illustrated by two examples from sandwich boat 
production. 

In GRP-sandwich-boatbuilding the four main materials used as 
a core material for the structural parts are: 

- Balsawood distributed by Baltek 
- Honeycomb distributed by Ciba Geigy and Hexcel 
- Cross-linked PVC-foam distributed by Airex, Barracuda 
Technology, Polimex, Vega and Alphacan Group 
- Linear PVC-foam distributed by Airex 

The most robust material to work with is Balsawood, which designers 
also prefer because of its high strength and rigidity. They tend to ignore 
the fact that Balsawood is at least 50 % heavier than comparable foam 
cores and that it soaks up a great deal of resin during production. 
Owing to a low strain to failure combined with high rigidity it 
delaminates over a large area when overloaded or in collision with 
floating goods or a pier, so that the entire structure can be weakened by 
a crash. 

The form it is supplied in also plays a part. Balsawood must be 
supplied as contoured material so that it will fit the boat's contours. 
This greatly simplifies production but often leaves large gaps between 
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the individual "blocks". This means that if the sandwich is used on the 
outside of the hull, deck etc. any damage of the outer surface layer -
such as cracks - will allow water to get into the gaps. This water, which 
is practically impossible to remove, considerably increases the weight 
of the boat and will, in time, cause the sandwich core to rot slowly. A 
weight increase of 200 kg or more for a 37 ft long boat is easily 
possible. These long-term effects are not taken into consideration by 
the authorities in either the interpretation or production guidelines. 

Much the same applies to honeycombs. Designers tend to 
specify them because of their high mechanical values. They are also 
relatively easy to work with but the surface layer tends to delaminate 
from the core over a large area and, when used externally, lets a great 
deal of water into the hull if the surface is damaged. This water is 
practically impossible to extract. 

PVC foams are completely different. Their large area of contact 
with the surface layer makes for very good peeling properties. They 
have the advantage of absorbing very little resin on the surface and are 
also proof against rot, should water penetrate the hull. 

As a result of increasingly frequent damage in recent years, 
discussion about the calculation and registration rules of the 
classification authorities has intensified, and the above-mentioned 
findings are based on the research done on cross-linked and linear foam 
in the past two years by 

KTH Stockholm /2/ 
Veritas Research Institute, Stockholm /3/ 
University of Florida, Prof. Reichard /4/ 
EMPA Dübendorf - Switzerland /5/ 
DLR Stuttgart - Germany /6/. 

The results of this research will not be dealt with in detail but they can 
be summarized as follows: 

Although cross linked PVC-foam shows greater strength and rigidity 
than linear foam when considered statically, under dynamic loads such 
as those occuring in the entire boat, the linear PVC-foam is vastly 
superior to the cross-linked because it; 
- does not break, even under dynamic fatigue loads (R = 0.1), which 
have as an upper load of 80 % of the static load, Fig. 2 /3,5/ 
- regenerates totally after load /9/ 
- retains its toughness at high strain rates /6/ 
- does not fail spontaneously and totally at the joints, Fig. 3 /9/ 
- has a high peel strength /10/ 
These joints occur in the foam core at 2-5 cm intervals in pre-cut foam, 
so-called contoured. This delivery form can reduce the strength of the 
whole structure by a factor of up to 2 (/2/, Table 1). Any delamination 
is then usually over a large area. 

It may be seen from these results that, for a safe boat or ship: 
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"Precracked Cores" in the form of contoured materials should not 
be used. Large foam sheets are preferable. Moulding to the contours of 
the boat can be done easily and in part more quickly by thermoforming 
in combination with the vacuum bag method. 
- Linear PVC-foam should be used particularly in the hull, where high 
dynamic stresses occur, because it has the best dynamic properties. For 
larger curve radii there is also the possibility of cold moulding. 
The vacuum bag method is to be recommended for bonding the core in 
a sandwich since, compared to other processes, it guarantees safer 
adhesion, puts less stress on the mould and permits faster output once 
adjusted. 

PRODUCTION METHOD 

Unfortunately, the correct conclusions are seldom drawn from 
the rule, established in several cost studies, that on average the design-
phase accounts for a maximum of 20 % of the total costs but causing up 
to 80 % of the total cost. 

Habit or other reasons lead to traditional methods being carried 
on in FRP boatbuilding and efforts are made to reduce costs by 
rationalization in production. FRP production, with its multiple (Fig. 4) 
possibilities for the production of building parts, offers an enormous 
saving potential. For example, it is possible to reduce production times 
and costs in boatbuilding by combining pressing of plane panels, 
vacuum tables for the small integrated parts and by simultaneous use of 
integrated overhead construction, production times and costs can be 
lowered. 

This concept, already in use in a few boatbuilding yards /7/, was 
used consistently in the building of the yacht "Sandwich" /8/. The 
whole yacht was built upside down from the start. First of all, the 
complete deck was laid out on the floor (Fig. 5) and the interior 
panelling built in (Fig. 6). Inside this the prepared sandwich panels for 
the lateral and cross bulkheads were inserted (Fig. 7). As the joining of 
the deck and bulkheads was done at this point, the difficult overhead 
work usual in traditional boatbuilding was not necessary. 

The bulkheads assume the function of the frames of traditional 
boatbuilding. The exact dimensions of these bulkheads have already 
been established with the help of a CAD drawing. All other large 
fittings are built in at this stage. Then the bulkheads are connected by 
FRP rods with recangular cross sections and the spaces filled with foam 
(Fig. 8). After that the interior laminate is mounted, then the sandwich 
core in the form of complete units applied by the thermoform - vacuum 
method (Fig. 9). After mounting the external laminate and its 
appropriate optical external finish, the boat is righted in the water and 
is ready for fitting. 
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The building technique shown here does require detailed 
preliminary planning and logistics by the boatbuilder, taking into 
account knowledge of materials and processes, but it greatly simplifies 
the task of the employees and reduces mistakes because difficult 
procedures in cramped conditions are reduced. 

1. Barnes F. Findings of the construction and building of a type of 
lifeboats with various materials, SP-technology, personal 
communication, Southampton 1991 
2. Zenkert D., Damage Tolerance of Foam Core Sandwich 
Construction,Presentation at the KTH Stockholm, Department of 
Aeronautical Structures and Materials Stockholm July 1990 
3. Buene L., Echtermeyer A.T., Hayman B., Sund O.E., Engh B., Shear 
Properties of on GRP Sandwich Beams subjected to slamming loads, 
2nd International Conference on Sandwich Construction, Gainesville, 
Florida 9-12 March 1992 
4. William G.P. Response of Marine Composites Panels to 
Hydrodynamic Shock Loadings, Presentation at the University of 
Florida, Department of Oceanography and Ocean Engineering, Flori 
da, July 1991 
5. Kramer, H.; Flüeler, P. Statische und dynamische Biegeversuche an 
Kernverbunden mit Hartschaumstoffkern, ЕМРА/ Dübendorf, Interner 
Untersuchungsbericht Nr. 120 82, Februar 1990, 
6. Kindervater, Ch. Ermittlung von geschwindigkeitsabhängigen 
Materialdaten von Schaumstoffen, DLR-Stuttgart, Interner 
Untersuchungsbericht, 1991 und 1992 
7. Cardis, Bau der Alalunga 21, Yachtwerft Decision, Morges/Schweiz, 
persönliche Mitteilung 
8. Big Mac aus Arnis, Yacht 23/89, S. 108 bis 112 
9. Buene L., Echtermeyer A.T., Sund O.E., Engh B., Long term effects 
of slamming loads, Main Test Programm, DNV Project Report No. 
2.10, 1992 
10. Olsson, K.A.; Lönnö, A. Sandwich Construction-Recent Research 
and Development: GRP Sandwich Technology for High-Speed Marine 
Vessels, 2nd International Conference on Sandwich Construction, 
Gainesville, Florida, 9.-12. March 1992 
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Tableau 1. Résultats d’essai sur poutre. Charges moyennes à la rupture 
par unité de largeur. 

Results from beam test. Average fracture loads per unit width. 

P pred 
(N/mm) 

Pcrit 
(N/mm) 

Pno flaw 
(N/mm) 

P P ■ crit Pno flaw 

Density 60 kg/m3 

Gap not filled up 
17.7 20.8 32 0.65 

Density 100 kg/m3 

Gap not filled up 
42.3 46.4 81 0.57 

Density 200 kg/m3 

Gap not filled up 
87.3 85.5 195 0.44 

Density 200 kg/m3 

Gap not filled up 
Filler towards face in tension 

127.6 195 0.65 

Density 200 kg/m3 

Gap not filled up 
Filler towards face in compression 

1 19.3 119.8 195 0.61 

Ppred = Sandwich panel strength theoretically 

P
crit

 = Sandwich panel strength with butt joint in core filled up 50 % 

Pno flaw = Sandwich panel strength with butt joint in core filled up 100% 
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Tableau 2. Comparaison des coûts entre une conception intégrée en composite et une 
conception en aluminium, pour un bateau de sauvetage de 11 m. 

Cost comparison between an integrated composite design and an aluminium design 
for an 11 m rescue craft. 

Item 
Design 1 

Integrated 
Composited 

Design 

Design 2 
Aluminium 

Design 

Variance 
(Design 1 to Design 2) 

Tooling £ 8.000 — — 

Build Materials E 65.000 £ 10.500 + 619 % 

Build Labour £ 70.000 £ 175.000 - 60 % 

Fit Out Labour £ 312.500 £ 362.500 - 14 % 

Total Cost £ 455.500 £ 548.000 - 17 % 

Note: Both costs exclude £ 260.000 equipment costs 

Tableau 3. Comparaison des coûts entre une conception intégrée en composite 
et une conception GRP conventionnelle, pour un bateau de sauvetage de 15 m. 
Cost comparison between an integrated composite design and a conventional 

GRP design for a 15 m rescue craft. 

Item 
Design 1 

Integrated 
Composited 

Design 

Design 2 
Conventional 
GRP Design 

Variance 
(Design 1 to Design 2) 

Weight kg 5.234 kg 6.870 - 24 % 

Tooling Cost £ 70.000 £ 70.000 — 

Materials Cost £ 89.870 £ 65.717 + 37 % 

Labour Cost £ 103.000 £ 134.140 - 23 % 

Total Cost £ 192.870 £ 199.857 - 3.5 % 

Note: Total Cost excludes tooling costs 
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Figure 1. Comportement à la rupture de pièces en sandwich avec 
différents âmes. 

Fracture behaviour of sandwich components with various core materials. 

Figure 2. Résistance en fatigue d’Airex R 63.80. Température ambiante. 
Essais réalisés à ГЕМРА, Suisse. 

Fatigue strength of Airex R 63.80, RT. Tested at EMPA, Switzerland. 
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Figure 3. Comportement dynamique de R 63.80. X-PVC comparé à R 63.80 avec 
joint. Statique et dynamique, température ambiante. 

Dynamic properties of R 63.80. X-PVC compared to R 63.80 with joint. 
Static and dynamic (single slam) at RT. 

Tested at Veritas Research, Norway. 

Shear Stress [ N/mm^2] Tested at Veritas Research/Norway 

Deflection (Stroke Distance) [ mm ] 

Figure 4 

SANDWICH 
PROCESSING METHODS 
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Figure 5 

Figure 6 

Figure 7 
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Figure 8 

Figure 9 
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CREEP, FATIGUE AND FIRE RESISTANCE OF TYPICAL 
SANDWICH COMPOSITES 

J. L. Chevalier1 

Abstract - Baltek Corp. is currently in the process of introducing 3 new 
products : density select material, AL-600/10 and DecoLite panels, that 
reduce weight and cost. Creep results on typical core materials have shown 
that only end-grain balsa (EGB) and 9.0 lb. Nomex honeycomb were 
capable of continuous operation at 160 F (71°C). In reverse bending fatigue 
studies,EGB has a fatigue limit 2 - 2.4 times that of the PVC foams. Finally, 
while EGB by itself is a ASTM E-84 Class 2 material, with the proper skins 
and resin system, it can easily meet Class 1 requirements. 

Key words : composites, sandwich structures, balsa, PVC, honeycombs, 
fire. 

INTRODUCTION 

Sandwich construction has expanded in the marine industry and in 
other markets, therefore, there has been a great demand for new products 
and engineering data over the past 10-20 years. To meet these demands, 
Baltek has developed new products and basic material data. This paper 
summarizes the new products and data that will enable customers to more 
effectively use these products. 

NEW PRODUCTS 

Density Select 

For some time now, there have been a number of applications that 
have indicated that different density options could be of significant value. To 
meet our customers needs, Baltek has established 3 new grades of material : 
57, 100 and 150 (Table 1). This has been made possible by instituting new 
quality control (Q.C.) procedures at our mills. The advantage to the 
customer is that weight, strength and cost can be optimized. 

1 Baltek Corporation (USA) 
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DecoLite2 

DecoLite composite panels are light weight, high strength to weight 
panels and are offered with a choice of the following skins : fiber reinforced 
wood veneer, fiber reinforced 1208 (FRP - 0°, 90° with mat), decorative 
wood veneer (teak, ash, etc.) and fiber reinforced high pressure laminate 
(HPL) (Table 2). Thus, they can be used in many applications such as 
cabinetry, stringers, bulkheads, decks, floors, structural applications, etc. 

AL-600/10 

Tests have shown that AL-600/10 coated material requires less resin ; 
appears to be more consistent; is compatible with a wide array of resin 
systems ; is more process insensitive and lends itself to pressure molding 
systems. Most importantly, it is less expensive than the current AL-600. 

MATERIALS 

CREEP : CORE MATERIALS 1/2" [13mm] 

Balsa AA-57 3.1 1b/ft3 (50 kg/m3) A1 HC3 

Balsa AA-911 6.1 lb/ft3 (100 kg/m3)Al HC 
Divinycell4 H-60 3.0 lb/ft3 (50 kg/m3)Nomex HC 
Divinycell4 H-80 9.0 lb/ft3 (150 kg/m3)Nomex HC 
Divinycell4 H-100 Airex5 R62.80 

H8PP NIDA-CORE6 

All creep specimens had 0.5 mm thick aluminium skins. 

2 Registered trademarks of baltek Corp. 
3HC = Honeycomb 
4Registered trademark of Barracuda Technologies 
Registered trademark of Airex AG, Switzerland 
Registered trademark of NIDA-CORE Corp. 
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FATIGUE : CORE MATERIALS 3/4" [19mm] 

Klegecell7 R100 & R75/82 
Divinycell H-100 & H-80 
Balsa CK-100 & CK-57 

Termanto8 R90 & R75 

The fatigue specimens had thick composite skins (woven roving and 
chopped srand mat). 

TESTING 

CREEP 

The samples were tested in three point bending at room temperature 
(RT) and 160 F (71°C). In all cases, the support distance for the three point 
bending was 161/4 inches (41 cm). A load of 75 ± 1 lbs (34 + 0.03 kg) was 
hung from the center of each specimen. This imparted core shear stress in 
the samples of 24 psi (0.17 MPa). A dial indicator was supported over the 
center of each specimen and measured the deflection of the sample 
continuously over time. The length of the test was a maximum of 8 weeks. 
For each material tested, whether at RT or 160 F (71°C), 5 samples of each 
materials were tested and averaged to generate the curves shown. The 160 F 
(71°C) curves were generated by putting the test apparatus into a heated box 
where the samples remained for the duration of the test. All readings on the 
dial gauge were taken at temperature. Test samples were conditioned 
overnight at 160 F (71°C) to ensure that the total sample was uniformly at 
160 F (71°C) before any load was applied. 

FATIGUE 

Before fatigue testing began, a 3 point test, similar to ASTM C-393, 
was run on an Instron Model 4206. This data was plotted as the 1 cycle 
fatigue point. The support was 18 " (46 cm). Fatigue tests were run in 3 
point bending at room temperature. The cycle speed was between 0.5 Hz 
and 1.0 Hz in order to avoid internal heating of the specimen. A sinusoidal 
load was applied to the center of the specimen such that the minimum 

7Registered trademark of Klegecell, Polimex 
Registered trademark of Pelf S.p.A, Italy 
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amplitudes were equal to obtain a R ratio of - 1 and the deflection was 
allowed to vary as the stiffness degrated. Since the load was applied as a 
sine wave, the top and bottom skins alternately went through tension and 
compression cycles of equal amplitude. Thick skins with high glass to resin 
ratios were used to ensure that failure always occured in the core. When the 
core failed, the fatigue machine automatically turned off. One to three 
samples were tested for each data point. For this test, 10 million cycles was 
assumed to be infinite life. 

RESULTS & DISCUSSION 

CREEP 

Room temperature (RT) and 160 F (71°C) creep data is presented in 
fig. 1 and 2 and was previously reported (Chevalier 1992). NIDA- CORE 
and Airex (Table 3) are not plotted and were considered unacceptable. Fig. 1 
shows 2 groups of material. The materials within each group are considered 
equivalent. The first group consists of the lower density materials and the 
second group consists of higher density, higher strength materials. In Table 
3 the initial theoretical displacement of these materials was accurately 
calculated with Baltek's Big Lam9 program 

At 160 F (71°C) the Airex, NIDA-CORE, 3.1 lb. Aluminum 
honeycomb, Divinycell H-100, Divinycell H-80 and Divinycell H-60 all 
failed during testing and were considered unacceptable for creep at 160 F 
(71°C) (Table 3). Fig. 2 plots the materials that did not fail. Big Lam again 
accurately predicted initial displacements at 160 F (71°C) (Table 3). From a 
practical point, there is no difference in the performance of the two balsa 
cores and 9.0 lb. Nomex honeycomb (fig. 2). The 3.0 lb. Nomex 
honeycomb is beginning to show some very high displacements, therefore, 
for this study, it was considered unacceptable at 160 F (71°C). 

Therefore, only Balsa AA-911, Balsa AA-57 and 9.0 lb. Nomex 
honeycomb are acceptable for creep applications under the conditions 
examined in this study. While 160 F (71°C) data is not available on the 6.1 
lb. Aluminum honeycomb, it would be expected that it would also be 
acceptable. Big Lam not only accurately predicted the expected deflection at 
RT and 160 F (71°C), but it also ranked the relative creep behaviour of these 
core materials. 

9Baltek's propietary laminate analysis program 
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FATIGUE 

None of the core materials investigated exhibited a classical fatigue 
limit (fig. 3). Therefore, 107 was assumed to be the fatigue limit for the 
cores. All the PVC cores, regardless of initial strength ordensity, appeared to 
converge to a common value at 107 cycles (Chevalier 1992). In fig. 4 
(Chevalier 1992) all the PVC data was plotted as a single material along with 
the Balsa CK-100 and Balsa CK-57. At 107 then the PVC cores had a 
fatigue limit of 38 psi (.26 MPa). The Balsa CK-57 and Balsa CK-100 had 
fatigue limits of 75 psi (.52 MPa) and 92 psi (.63 MPa) respectively or 2 to 
2.4 times that of the PVC cores. This data correlated with other data 
published in the literature (Chevalier 1992 and Olsson 1990). 

FIRE RESISTANCE 

End-grain balsa (EGB) is an ASTM E-84 Class 2 material. With a 
properly designed EGB sandwich laminate, the EGB laminate can meet 
Class 1 requirements. Two key elements of a core material are its ablative 
and insulative properties. Photo 1 shows an EGB FRP fuel tank before 
being tested to UL 1102. Photo 2 shows the same tank being engulfed with 
flames. After fire testing, it was not only leak tight but it also withstood full 
test pressure without the outer ply of skin. 

Photo 3 shows an EGB cored yacht that was docked next to a yacht 
that had caught on fire. Even though the EGB yacht experienced 
temperatures hot enough to melt aluminum deck fittings, it was able to be 
salvaged. Photo 4 shows how the outer skin of the vessel was burned away. 
While the EGB charred, it did not ablate away and its excellent insulative 
characteristics protected the inner skin from damage. 

CONCLUSION 

NEW PRODUCTS 

The new density select materials (57, 100 and 150), AL-600/10 
coating and DecoLite panels offer the industry innovative solutions to a wide 
variety of problems and concerns which are light weight and cost effective. 
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CREEP 

Only Balsa AA-911, Balsa AA-57 and 9.0 lb. Nomex honeycomb 
provide acceptable performance at both RT and 160 F (71°C). Further, Big 
Lam accurately predicted initial displacement at both temperatures and ranked 
the relative creep behaviour of the materials investigated. 

FATIGUE 

All PVC cores, regardless of their initial strength and density, 
converged to the same fatigue limit (107 cycles) of 38 psi (.26 MPa). Balsa 
CK-100 and Balsa CK-57 have a predicted fatigue limit (107 cycles) of 92 
psi (.63 MPa) and 75 psi (.52 MPa) respectively or about 2 to 2.4 times that 
of PVC cores. 

FIRE RESISTANCE 

EGB is a Class 2 material by ASTM E-84. In a properly designed 
laminate, it can meet ASTM E-84 Class 1 requirements. Further, EGB's 
insulative and ablative properties give it a clear superiority over many core 
materials. 

CHEVALIER J. L., 1992, "Creep and Fatigue Properties of End-Grain 
Balsa and Other Typical Sandwich Cores", Second International Conference 
on Sandwich Construction, Gainesville, FL, p. B-l. 
OLSSON K.A. and LÔNNÔ A., 1990, "Shear Fatigue of the Core and 
Peeling of Skins in GRP-Sandwich", Third International Conference on 
Marine Applications of Composite Materials. 

112 



TABLE 1 
Contourkore and Rigid End-Grain Panel Average Properties 

Property Units 57 100 150 

Density Pounds/ft3 6% 91/2 151/2 
(kg/m3) (100) (150) (250) 

Thermal Conductivity Btu-in/hr-ft2-°F 0.353 0.450 0.617 
ASTM C-177 @ 75°F (W/m-°K) (0.0509) (0.0649) (0.0890) 

Tensile Strength psi 1,000 1,900 3,440 
ASTM C-297 (MPa) (6.90) (13.1) (23.7) 

Shear Strength psi 268 432 717 
ASTM C-273 (MPa) (1.85) (2.98) (4.94) 
Shear Modulus psi 15,600 23,100 45,300 
ASTM C-273 (MPa) (108) (159) (312) 

Compression Strength psi 945 1,870 3,850 
ASTM C-365 (MPa) (6.52) (12.9) (26.6) 
Compression Modulus psi 325,000 590,000 1,120,000 
ASTM C-365 (MPa) (2,240) (4,070) (7,720) 

Linear Coefficient (IN/IN/°F) 
of Thermal Expansion Tangential 10.5 x 106 10.5 x 106 10.5 x 106 

Radial 7.0 x 106 7.0 x 106 7.0 x 106 

Longitudinal 1.7 x 106 1.7 x 106 1.7 x 106 

TABLE 2 
Properties of DecoLite Composite Panels with Fiber Reinforced 

1208 Skins vs. Plywood in Four Point Bending (ASTM C-393) 
Panel 
Weight 
lb/ft2 

(kg/m2) 

Flexural 
Stiffness 
EI per unit 
(Ib/in) 

Load @ 
Failure 
lbs. 
(N) 

DecoLite FRP 1208 
1/2" .96 8510 537 
(12.7mm) (4.7) (2389mm) 
3/4" 1.14 21765 930 
(19.0mm) (5.6) (4137mm) 
1" 1.35 31924 1071 
(25.4mm) (6.6) (4764mm) 

Plywood - Aircraft Grade 
1/2" 1.5 9147 325 
(12.7mm) (7.3) (1446mm) 
3/4" 2.25 21330 525 
(19.0mm) (11.0) (2335mm) 
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TABLE 3. 
Theoretical and Actual Displacement of Cored Panels and Subjected to a Three Point Bending Load 

Big Lam1 

Predicted 
Initial Room Temperature 160°F 
Displacement 
at Room Initial2 Initial4 

Temperature Displacement Creep3 Displacement Creep3 

Core (Inches/mm) (Inches/mm) (Inches/mm) (Inches/mm) (Inches/mm) 

6.1 lb. Aluminum Honeycomb 0.074/1.88 0.0605/1.65 0.0025/.06 
3.1 lb. Aluminum Honeycomb 0.076/1.93 0.0754/1.92 5 

Balsa AA-911 0.079/2.01 0.0708/1.80 0.0058/.15 0.0634/1.61 0.0286/.73 
Balsa AA-57 0.08/2.03 0.0707/1.79 0.0144/.37 0.0752/1.91 0.0214/.54 
9.0 lb. Nomex Honeycomb 0.088/2.24 0.0713/1.81 0.0043/.11 0.0708/1.80 0.0372/.94 
3.0 lb. Nomex Honeycomb 0.101/2.57 0.1066/2.71 0.0202/.51 0.0838/2.13 0.0544/1.38 
Divinycell H-100 0.11/2.79 0.0918/2.33 
Divinycell H-80 0.117/2.97 0.1007/2.56 0.0258/.66 0.135/3.43 
Airex 0.137/3.48 0.1086/2.76 0.0944/2.40 6 6 

Divinycell H-60 0.147/3.73 0.171/4.34 
NIDA-CORE ? 0.16/4.06 0.567/14.10 6 6 

1 Big Lam is a Baltek computer program to predict static stress, strain and deflection in sandwich panels. All values are 
based on nominal material properties at Room Temperature with a 75 lb. load applied. 

2 Measured room temperature initial deflection when the load was applied. 
3 Final displacement minus initial displacement. 
4 Measured initial deflection at 160 °F when the load was applied. 
5 Samples failed at the last data point. 
6 Samples failed as soon as the load was applied. 
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Fig. 1: Room Temperature Creep 

Log Time (Min) 

Fig. 2: 160 F (71 C) Creep 

Log Time (Min) 

Fig. 3: Fatigue Curves for 8 Cores 

Log Cycles to Failure 

Fig. 4: Regression Analysis of PVC Foams 

Log Cycles to Failure 
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Photo 1 Réservoir de fuel, âme balsa 
Balsa cored fuel tank 

Photo 2. Réservoir en flammes 
Fuel tank engulfed in flames. 

Photo 3. Voilier après feu 
Yacht after fire. 

Photo 4. Ame balsa carbonisée 
Charred balsa core. 
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PREPREG COMPOSITES IN THE NAUTICAL INDUSTRY* 

P. BERNAY 1 

Abstract - Preimpregnated reinforcements (prepregs) in the nautical 
industry represent an opportunity for naval construction and an 
alternative method of fabricating composite structures. These prepregs 
include fibres, resins, their hardeners and a certain number of 
additives. One may consider them to be semi-products. Their 
characteristics allow the highest levels of performance and reliability 
to be attained. 

keywords : prepreg, laminate, high performance, nautical, economics. 

PREPREGS 

FABRICATION OF A COMPOSITE LAMINATE 

Single ply prepregs, usually delivered in the form of a roll, are 
cut using a template and stacked in the desired sequence. The stack is 
then polymerised (temperature & pressure cycle) to obtain the 
laminate; then finished (flash removed, accessories etc). See Figure 1. 

CHARACTERISTICS OF A PREPREG 

- total weight 
- resin type 
- reinforcement type 
- lifetime at ambient temperature 
- storage possibilities 
- laminate mechanical properties 
- fabrication processes 

A typical data sheet is presented as Figure 2. 

*Translated from the French original 
1 Broc hier SA, 9200 Neuilly-sur-Seine, France. 



ANALYSIS OF THE NEEDS OF BOATYARDS AND 
NAUTICAL CONSTRUCTION. 

- FABRICATION OF LARGE COMPONENTS 

Boatyards must have the capacity to produce components of 
large dimensions : hulls, decks, gear, appendages etc. 

- SEARCH FOR HIGH PERFORMANCE MATERIALS 
- Reliability 
- Safety 
- Resistance 

to fatigue loading 
to a marine environment 
to impact 
to osmosis 

- Lighter structures & the same properties 
e.g. a gain of 100 kg on the mast allows 500 kg to be gained on 

the ballast. A gain of 600 kg leads to lower buoyancy requirements. 

- PRODUCTIVITY, EASE OF MANUFACTURE, AND 
REPRODUCIBILITY 

- IMPROVEMENT OF HYGIENE AND SAFETY DURING 
MANUFACTURE 

- COMPETITIVE COSTS 
The boatyard equipment must be accessible and meet profitability 
criteria. 

USE OF PREPREGS IN NAVAL CONSTRUCTION: THE 
RESPONSE TO THE DEMANDS OF THE NAUTICAL 
INDUSTRY. 

Prepregs first appeared in the nautical industry around 1975. 
Since then there has been a first popularisation of the "prepreg", (from 
preimpregnated fibres) and products have been developed and adapted 
for this market. 

FABRICATION OF STRUCTURAL COMPONENTS OF LARGE 
DIMENSIONS 

The epoxy resin systems have brought a first response to the 
design load requirements by their superior mechanical properties. The 
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M10 resin system developed by Brochier S.A. / Ciba Geigy 
composites, is particularly well suited: 

- to low pressure vacuum bag moulding of very large parts (0.4 
to 0.9 bars), 

- to the fabrication of thick composite components, 
- to low temperature manufacture (around 80°C). 

Figure 3 shows a viscosity-temerature curve, and Figure 4 shows 
schematically the vacuum bag process. 

ADVANTAGES OF PREPREGS 

The use of prepreg to produce high performance composites brings: 
- higher laminate quality 
- more homogeneous material 

The quality control performed by the preimpregnator throughout the 
production guarantees high reliability and quasi-constant mechanical 
values for the laminates. 

The M10 resin system is characterised by : 
- high flow which favours a high fibre volume fraction by 

elimination of excess resin (see Figure 3), 
- good fatigue behaviour 
- good moisture resistance. The moisture pick-up should be 

reduced to 1 or 2% with the new M10 resin systems. 
- a good temperature resistance (Tg after moulding of 127°C). 

Choice of reinforcement. The flexibility of the impregnation processes 
used by Brochier SA (transfer, "rake", full bath), allow a range of 
prepregs with different reinforcements (see Table 1) and fabrics from 
50 to 2000 g/m2 . The prepregs are available on fabrics (balanced, 
unidirectional), cloth, tape, UD, bundles. 

EXAMPLES 

- The use of carbon fibre prepregs for masts brings rigidity, 
weight gain and low energy dispersion. 

- Aramid fibre prepregs are often used for hulls as they enable 
structures to be lighter and offer improved impact and degradation 
resistance. 

- Glass fibre prepregs are used for thick, impact resistant 
structures at a reasonable cost. 
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THE USE OF PREPREGS FAVOURS AN IMPROVEMENT IN 
PRODUCTIVITY AND RELIABLE MANUFACTURE. 

Tooling: 
- temperature behaviour of tooling : about 80°C, 
- evolution towards more economical tooling (wood/foam), 

with reduction in cure temperature towards 75°C. 

Fabrication: 
- easy manual or automatic cutting (two protective films), 
- exceptional life at ambient temperature (60 days at 25°C), 
- easy lay-up, drape, tack conserved (resin system M10), 
- evolution of adherence according to the component, 
- superior adherence for vertical lay-up (resin system M9). 

The lay-up of prepregs, without addition of resin, may be reduced to 
the following operations: 

- compacting, in vacuum bag or press, 
- use of a large oven (temperature control) 
- cure/polymerisation : the flexibility of resin systems M10/M9 

allows polymerisation at 82°C for 12 to 15 hours or a polymerisation 
at 120°C for 30 minutes (or higher temperature). 

Note : Tests are currently nearing completion on a low temperature 
75°C system. This system should have an out-life of 2 to 3 weeks at 
ambient temperature. 

PREPREGS : A RESPONSE TO HYGIENE AND SAFETY 
CONDITIONS 

In comparison to the so-called "wet lay-up", prepregs offer 
advantages in manufacture: 

- no solvents 
- no odours 

and these reduce the costly installation of ventilation systems. 
In addition, Brochier SA/Ciba Geigy Composites have recently 

invested in a new impregnation system by transfer without solvent, 
within a policy of respect for the environment. 

MAINTAINING COSTS COMPETITIVE 

The gains in productivity, to which may be added a tendency 
for lower material costs, allowing more profitable use of equipment, 
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make this technology accessible to the nautical industry and to naval 
shipyards. 

- Cost of traditional procedure : 
Cost of polyester resin + cost of glass reinforcement + transformation 
costs. 
- Cost of prepreg process : 
Cost of prepreg + transformation costs. 

The economic assessment reveals that the costs of the transformed 
material are similar for the two cases. 

The impact of the use of prepregs on the nautical industry is 
seen in: 

- more performant products, 
- a high added value on the final product, 
- a "high technology" image. 

THE CONTRIBUTION OF THE PREIMPREGNATOR BROCHIER 
SA TO THE NAUTICAL INDUSTRY. 

The expertise of Brochier SA/Ciba Geigy Composites in the 
nautical industry enables the necessary technical and commercial 
support to be available to boatyards for the use of preimpregnated 
products: 

- on-site demonstration 
- collaborative tests 
- optimisation of products with respect to design requirements. 

Brochier proposes a range of prepregs VICOTEX® adapted to: 
- monolithic structures, 
- sandwich structures NOMEX®, AEROWEB® honeycomb, 

PVC foam, PU foam (the latter technique was the object of studies in 
collaboration with boatyards). 

References 
- Ville de Paris 
- MERIT 
- DCN (submarines) 
- CMN (fast motor boats) 
- JPM/ACX (masts). 
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Type Filament Densité E Rupture ε % 
diamètre (GPa) (MPa) 

Carbone 7 pm 1,75 230 3500/ 1,5 à 1,8 
HR 4500 

Carbone 5 à 6 pm 1,8 295 5500 2 
IM 

Carbone 6 à 7 pm 1,8 350 à 590 2700/ 0,6 à 1,6 
HM 5000 

Verre E 10 pm 2,55 75 2500 3,5 
Verre R 10 pm 2,55 85 3500 4 
Aramide 10 µm 1,45 125 3500 2,5 

Tableau 1. Caractéristiques des renforts. 
Table 1. Fibre properties 

ELABORATION D'UN STRATIFIE COMPOSITE 

FIBRE 
(ou renfort) 

+ 
MATRICE 

SEMI-PRODUIT PRODUIT FINI (STRATIFIE) 

Monopli préimprégné 

Figure 1. Fabrication d'un composite à partir de préimprégnés. 
Fabrication of laminates from prepreg. 
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BROCHER SA 
CIBA-GEIGY 
COMPOSITES 

VICOTEX® M10 
SYSTEME EPOXY 120° - MOULAGE BASSE PRESSION 
POUR APPLICATIONS STRUCTURALES 

FICHE PRODUIT 

Fiche préliminaire ne52313LIFévrier 1992 - Edition 1 

DESIGNATION PREIMPREGNE 

EPOXY /TISSU CARBONE 193 g/m2 

Vicotex ® Ml 0/42 %/G1051 - 100c m 
(Matrice / Taux massique de résine / Référence renfort - Largeur) 

Préimprégné : Renfort : 

Masse totale : 330 g/m2 Masse : 193 g/m2 

Possibilité de séjour Structure : Taffetas 
à 23°C±2°C : 60 jours Fibre : СarЬоnе haute résistance 

3000 filaments 

MISE EN OEUVRE 

Masse totale : 330 g/m2 Masse 
Possibilité de séjour Structure 
à 23°C±2°C : 60 jours Fibre 

Le système M10 présente une grande souplesse de mise en oeuvre (de 15 h/85°C à 
10 min/150°C ; 0,3 à 3 bars). 

Divers cycles de cuisson sont décrits dans la notice technique résine M10 ; pour des 
applications plus spécifiques, nous contacter. 

STOCKAGE 

. Limite de garantie : 18 mois à - 18°C / 6 mois à + 5°C 

. Conserver les produits dans leur emballage d’origine et ne pas dérouler avant retour à 
température ambiante, du fait des risques de condensation d’eau. Pour toute information 
complémentaire, se reporter à la notice technique résine M10 sur les précautions relatives au 
stockage des préimprégnés. 

Figure 2. Exemple de fiche technique. 
Technical data sheet. 
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VISCOSITÉ DE LA RÉSINE EN FONCTION DE LA TEMPÉRATURE 

conservation du tack et du flot à]23°C=30jours 
' tack and flow shelf life at 

MOULAGE SOUS VIDE 

Figure 4 Schéma bâche à vide 
Vacuum bag forming 
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A HONEYCOMB CORE FOR BOATS PRODUCED IN LARGE 
NUMBERS 

M. FILIPPI1 

Abstract - A recent product now five years old, Nidaplast is an 
extruded polypropylene honeycomb, coated on both faces by a non-
woven polyester. Its widespread uses extend from public buildings 
including water treatment plants through to the composites industry, . 
To all these cases the honeycomb structure brings its well-known 
physical and mechanical properties of lightness and strength. In 
addition, the flexible coating on the faces allows easy fabrication 
which is not the case for normal honeycombs. The polypropylene 
offers chemical inertness and non-toxicity. 

key words : honeycomb, sandwich, polypropylene. 

PRESENTATION 

Nidaplast is available in two sizes, 8mm and 20mm. The 
former, H8PP, is principally used in the fabrication of sandwich 
panels. It is delivered in the form of panels of which the two surfaces 
are covered by a non-woven polyester layer on top of a plastic screen, 
Figure 1. The dimensions are 2500 mm x 1200 mm, thickness is from 
5 to 90mm or thicker if necessary, and the density is approximately 80 
kg/m3. The properties are: 

Compression strength at 20°C ≈ 1.5 MPa 
Transverse tensile strength at 20°C ≈ 0.5 MPa 
Shear strength at 20°C ≈ 0.5 MPa 

Marine panels are also available (precut in squares of 50mm by 50 
mm on one face), in dimensions of 1250 mm x 1200 mm and 
thickness of 10 to 28 mm. 

The Nidaplast grade H8PPU has PUR foam in the cells while 
the grade H8PPM has phenolic. The grade H20PPI, with alveoles of 
20mm, has a density around 40 kg/m3 and a compression resistance of 
0.5 MPa. 

* Translated from the French original 
1Induplast, 59410 Anzin, France. 
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FABRICATION 

The presence of the non-woven polyester on the two faces 
allows an easy fabrication with most of the traditional techniques of 
both lamination and bonding. 

LAMINATION 

The non-woven polyester layer is an ideal lamination surface. 
The resin is applied directly on the coating which it impregnates 
totally. The adherence is as good as that between the reinforcement 
and the resin in a laminate. A film layer below the polyester prevents 
ingress of resin into the alveoles. The permeability of this film can be 
adapted to the fabrication technique, contact, projection, vacuum, low 
pressure injection. 

BONDING 

In the same way as described above, the adhesive impregnates 
the polyester layer and a perfect bond is obtained without the need for 
high pressures. 

FORMING 

Before being held betwen the two rigid faces in the sandwich 
the Nidaplast is very flexible and this helps when using it. In standard 
panels (not precut in squares), if pressure is used during fabrication 
(vacuum for example), then the panel follows perfectly cylindrical 
forms, even in large thicknesses (50mm or more), see Figure 2. In 
marine panels, one side precut in squares, it moulds to the rounded 
forms of boats, without the need for the application of a high pressure 
in the mould. 

CUTTING, MACHINING, THERMOFORMING. 

Before the fabrication of sandwich panels the usual techniques 
for placing inserts are employed to take large loads. Once the 
sandwich panel has been made, for low loads, fixing points can be 
made very easily in the Nidaplast H8PPE honeycomb structure: 

126 



- The adherence of the skins is excellent so it is possible to fix 
directly onto them if their strength and and the applied loads are 
compatible. 

- The large size of the cells behind the skins enables the use of 
expanding rivets of which the flanges can be positioned without 
impediment. 

- It is possible to remove several cells behind the skin and 
inject resin or mastic which provides a redistribution plate behind the 
fixing point. 

ACCESSORIES 

Using thermoforming a number of different complementary 
accessories for composite fabrication are available, shown in Figure 3. 

SPECIAL PROPERTIES 

In addition to the recognized properties of this type of 
honeycomb structure the Nidaplast H8PP offers the following 
advantages: 

- Excellent delamination resistance due to the impregnation of 
the flexible coating which causes a strong bond between the laminated 
skin and the honeycomb. 

- Extremely inert chemically on account of the polypropylene 
which is very resistant to water and most chemicals. 

- Good acoustic properties both for insulation and absorption. 
A Nidaplast core sandwich panel acts as if it is two skins separated by 
an air core and linked by a damping material. If one of the skins is 
porous to air the sound is trapped in the cells which act as a Helmotz 
resonator, Figures 4,5. 

- Good thermal resistance. The air layer in the Nidaplast core 
offers a resistance of 0.3 m2°C/W, which is very satisfactory. 

APPLICATIONS 

The first criterion for choice of a sandwich panel solution is 
the increase in rigidity without increasing the weight. This choice is 
made each time that one has a component of a certain size. In fact, in 
a flexural test, the deflection of the panel is proportional to the 
thickness cubed. Similarly, since the inertia of a sandwich panel is 
proportional to the thickness cubed it is natural to place, between the 
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stiff skins which work in tension and compression, a light core to 
transfer the shear. 

The second criterion is the ease of fabrication. In this respect 
the fabrication of Nidaplast is quite analogous to the impregnation of 
glass fibres in a laminate. As long as the non-woven polyester is well 
impregnated then the skin-core adherence is perfect. 

LAMINATED COMPOSITE SANDWICH PANELS. 

Used most frequently with polyester but also with epoxy, 
Nidaplast H8PP is widely used on all boat parts out of the water of a 
certain size : 

- Deck reinforcements, floors (Photos 1-3) 
- Rooves, steering gear (Photo 4) 
- Bulkheads, floors (Photo 5) 

and also for accessories, covers, bins etc. Moulds offer large areas 
suitable for the use of Nidaplast, which brings the ease of forming, 
rigidity and a very good surface finish. 

SANDWICH PANELS BONDED IN WOOD, MELAMINE ETC. 

Manufactured by adhesive bonding, the production of 
sandwich bulkheads with wood or melamine on a Nidaplast core gives 
rigidity, lightness and a very good delamination resistance. The 
flexibility of the Nidaplast allows the fabrication of curved shapes by 
simply applying pressure or vacuum on a mould. Radii of curvature of 
30mm are possible with a Nidaplast of 20mm coated on both faces 
with 3mm thick laminated wood, Photo 6. The honeycomb structure 
facilitates the placing of inserts or the fixing by rivets to the finished 
bulkhead. 

CONCLUSION 

By its nature, in the form of panels which may be directly used 
with the main laminate forming methods such as contact, projection, 
vacuum etc., Nidaplast H8PP allows the honeycomb structure access 
to industrial fabrication, both for boats and also in other areas 
(industrial bodywork, building and industrial components in 
polyester). 
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écran 
plastique alvéoles hexagonales en 

polypropylène de 8mm. 

non tissé de polyester 

Figure 1. Le Nidaplast 
Nidaplast honeycomb. 

Figure 2 

1 ) Bande renfort L 1000mm, I = 100mm, e = 20, 28 et 40mm 

2) Bande équerre L =. 1000mm, I = 100mm pour e = 20 et 28mm 
I = 150mm pour e = 40 mm 

3) Bande biseau L = 1000mm, I = 50mm pour e = 20 et 28mm 
I = 100mm pour e = 40 mm 

4) Mastic Epoxy bi-composant d = 0,6, mélange A et B dans un rapport 1/1 

Figure 3. Accessoires 
Accessories 
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COMPUTER CODES FOR THE ANALYSIS AND DESIGN 
OF COMPOSITE MARINE STRUCTURES : PROBLEMS 
AND PERSPECTIVES 

VJ. PAPAZOGLOU * 

Abstract - The rational procedure for the structural design of 
composite marine structures, including the determination of structural 
loading, material characterization, design criteria and the performance of 
strength calculations, is first presented. This is followed by a critical 
analysis of the problems, limitations and future perspectives of the 
numerical tools necessary for the performance of analytical and design 
oriented calculations of composite marine structures. 

key words : composite materials, computer analysis, marine structures 

INTRODUCTION 

There is an ever increasing interest in composite materials, 
especially Fiber Reinforced Plastics (F.R.P.), by the naval architecture 
community world-wide, as witnessed by the wide range of applications 
appearing yearly. Typical applications include naval ships, with the 60 
m long minesweepers and minehunters of the British Royal Navy being 
the foremost example, fishing vessels, with hulls up to 45 m long, 
small craft (yachts, sailboats, diving tenders, river barges, lifeboats), 
high performance craft, including surface effect ships, hovercrafts, 
catamarans and fast patrol boats, and, more recently, submersibles. 

Despite that, however, there seems to be a reluctance by many 
naval architects in using these new materials, something mainly 
attributed to their completely different, and largely unknown, 
mechanical behaviour in comparison to that of the well established 
metallic structural materials traditionally utilized. 

* National Technical University of Athens, Greece. 
Department of Naval Architecture and Marine Engineering, 
Shipbuilding Technology Laboratory, Associate Professor 
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It is well known that the majority of contemporary marine structures in 
F.R.P. are very conservatively designed, on the basis of available 
Classification Society Rules. To show this conservatism, it suffices to 
state that the safety factors (s.f.) considered range from a value equal to 
2 for static short term loading to a value equal to 10 for impact loads; 
intermediate values are 4 for static long term loads and variable loads, 
and 6 for repetitive and fatigue or cyclic loads (I.S.S.C. 1988). The 
basic reason for such conservatism is the relatively short experience 
with the material in marine structural applications and the lack of 
feedback information regarding actual damage incurred. 

When one is faced, however, with the design of high 
performance craft, where weight may be of primary concern, the need 
arises for more rational structural design procedures. Here, the 
experience accumulated over the years from work done in other 
industrial sectors, mainly the aerospace one, has proven to be very 
valuable. In fact, such rational procedures have been applied to the 
design of critical F.R.P. hulls. 

Both of the above methodologies mentioned are deterministic and 
do not recognize not only that some risk of unacceptable structural 
performance must be tolerated, but also that reserves of strength can be 
present even after partial "failure" of some structural components. This 
situation can be remedied by the introduction of reliability-based design 
rules and codes for F.R.P. marine structures, a methodology fairly 
recently introduced in the case of steel structures. Although major 
research efforts still need to be undertaken for the realization of such 
design codes, some initial encouraging steps have already been made. 

The present paper aims at outlining the philosophy underlying the 
deterministic rational structural design methodology and its basic 
assumptions and limitations. Within this framework, particular 
emphasis will be placed on the availability of appropriate computer 
codes for such an undertaking, by analyzing their present limitations 
and future prospects. 

RATIONAL STRUCTURAL DESIGN 

The Classification Society Rules are generally adequate for most 
marine applications, since these structures can be thought of as being 
governed by stiffness rather than strength considerations. It is thus 
more than likely that the resulting strength levels are well below the 
ultimate strength of the materials used. Moreover, weight 
considerations rarely enter the picture. 

The situation is totally different, however, when one is faced with 
the structural design of high-performance large vessels, including 
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special purpose naval ships (minehunters, open-sea patrol vessels, 
etc.). In these cases the application of Classification Society Rules is 
either not possible due to the hull dimensions or may lead to 
unacceptably large weight of the structure. Moreover, in the case of 
novel marine structures, such as submersibles, no Classification 
Society Rules exist. It becomes, thus, imperative to perform the 
structural design using rational procedures based on the theory of 
mechanics of composite materials. An important benefit stemming from 
such procedures is that one can now take full advantage of the 
orthotropic nature of F.R.P. materials, a point that will be clarified 
later. 

To be able to apply the so-called rational procedures, one should 
first define what is meant by this term and, furthermore, what it 
implies. With reference to similar procedures proposed and used in the 
case of metallic hulls, it can be stated that a rational structural design 
procedure should contain the following: 

(a) A clear description of the possible loads, including 
combinations of loads, that are expected to be applied on the 
hull structure. 

(b) A full evaluation of the material(s) to be used. 
(c) Determination of the structural design criteria to be applied. 
(d) Performance of the appropriate strength calculations. 

In the sequel a brief description of each item will be given. 

DESIGN LOADING 

It is well known that the first step in any structural design 
procedure for conventional ships is the determination of the shear force 
and bending moment distributions along the ship length in the hogging 
and sagging conditions, treating the ship as a free-free box girder. The 
obtained curves represent the major loading condition on the basis of 
which all structural calculations are performed. Any local loading 
conditions are being treated as secondary, used mostly for the design of 
structural details and local reinforcements. 

This is not the case for F.R.P. hulls, which are limited in length 
due to stiffness considerations; currently the maximum practical length 
is in the order of 60 m. For such lengths the predominant loading 
conditions which determine the required scantlings are the local ones. 
In any case, however, it is advisable to perform the box girder 
calculations for safety reasons, even though past experience has shown 
that longitudinal strength considerations have very seldom played a key 
role in the scantlings calculations (the section modulus resulting from 
local loadings is always much higher than the minimum required one). 

Returning to the question of the actual loads to be used, one has 
to distinguish between displacement and planing or semi-planing 
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vessels. The first case is considered as a relatively simple one, since 
the major source of hull loading is the hydrostatic pressure. Due 
attention, of course, should also be placed on the dynamic loads 
resulting from the vessel motions in rough seas. Furthermore, all other 
structural parts of the vessel (deck, bulkheads, etc.) should be designed 
using load values corresponding to the particular part. For example, for 
the case of decks one distinguishes between weather decks and interior 
flats and cabin tops. In the first case one considers a certain uniform 
head of water loading, the value of which depends on the vessel s 
purpose (e.g. 0.7 m for pleasure boats, higher for open-sea boats), 
whereas in the second one the load depends on the intended deck use. 

The situation is more difficult when one tries to establish loading 
values for the case of planing or semi-planing vessels, where the most 
significant local load is the slamming load on the vessel's bottom. 
Although several theoretical formulae have been proposed in the past 
(Savitsky & Brown 1976, Allen & Jones 1978), none appears to be 
able to accurately predict the correct load, as observed in a number of 
tests. Past experience has led the author to propose the use of a 
combined approach. Thus, the maximum acceleration at the vessel's 
center of gravity is proposed to be calculated using the well known 
Savitsky formula (Savitsky & Brown 1976), whereas the maximum 
slamming pressure using the Allen and Jones formulation (Allen & 
Jones 1978). 

MATERIAL CHARACTERIZATION 

Traditionally, the shipbuilding industry used to build single skin 
construction-type vessels with laminates composed of different layers 
of chopped strand mat and woven roving glass reinforcements and 
polyester resin. In recent years several alternatives to the above have 
been put to use or have been proposed, including structural types such 
as "monocoque" (Trimming 1984), sandwich (Sjogron et al 1984) and 
corrugated (Gass et al 1986), and materials such as carbon, kevlar and 
boron for reinforcements, as well as epoxy and phenolic resins 
(I.S.S.C. 1988 and 1991). 

It becomes, thus, apparent that the designer faces the difficult 
problem of choosing the most appropriate combination of structural 
type and materials for the intended application. In several cases the 
choice may be easy, depending on such external factors such as material 
availability, previous experience in the shipyard, etc. In others such a 
choice may not be obvious, requiring a parametric study. A 
predetermined objective, such as minimum weight, minimum cost or a 
combination of them, will then dictate the optimum solution. 
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The aforementioned problem is compounded by the fact that for 
any structural analysis or design procedure one should know the 
mechanical properties of the materials to be used. In the case of F.R.P. 
materials these properties, such as the elastic moduli and ultimate 
strengths in tension, compression, flexure and shear and the Poisson 
ratios in all relevant directions, depend on so many factors (fiber 
content, workmanship, environmental conditions, etc.), that their 
accurate determination can only be made experimentally. The required 
specimens for such tests should be manufactured using the exact same 
conditions and procedures to be followed in the actual building of the 
vessels themselves. 

The question, thus, arises as to the values of the mechanical 
properties one should use when still at the initial structural design 
stages, where one is still investigating different materials. One possible 
solution is the use of approximate formulae, such as the ones provided 
by Lloyd's Register of Shipping for glass reinforced plastic (Rymill 
1984), or the use of the nominal values provided by the manufacturers 
of these materials. 

STRUCTURAL DESIGN CRITERIA 

Before proceeding to any structural design calculations, it is 
imperative to determine the various criteria any adequate resulting 
structure should fulfil. Depending on the loading conditions and on 
how critical the structure as a whole or a particular structural part is, a 
few or all of the following principal structural design criteria should be 
applied (I.S.S.C. 1985) : 

(a) Adequate static strength. 
(b) Maximum permissible deflection. 
(c) Avoidance of buckling failure. 
(d) Adequate fatigue strength. 

Adequate static strength 

The first criterion implies that the combination of the stresses 
developed at any point in the structure does not lead to static failure of 
the structural part involved. Of the various static failure criteria 
proposed, the two most commonly used are (Jones 1975) : 

(i) the Tsai-Hill criterion, and 
(ii) the Tsai-Wu criterion. 
Although the Tsai-Hill criterion is simpler, quite accurate and 

more often used, the Tsai-Wu one is generally considered to provide 
more accurate predictions. 
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Maximum permissible deflection 

The fact that F.R.P. structures are generally more flexible than 
metallic ones, owing to their lower moduli of elasticity, necessitates the 
use of maximum permissible deflection criteria as well. This criterion is 
also implied in many of the scantlings formulae given in the 
Classification Society Rules. Furthermore, there is experimental 
evidence linking maximum deflection to the fatigue strength of plates 
and stiffeners (Fantacci 1985). 

No general value can be given for the maximum allowable 
deflection of plates and stiffeners, since it depends on various factors 
both subjective (external appearance, psychological reasons, etc.) and 
objective (location, type of loading, etc.). As a general guideline, one 
can say that this value should not exceed the 1/100 of the free span of 
the structural member considered. 

Buckling failure 

It is well known that F.R.P. structures tend to buckle at much 
lower loads than metallic ones due to their lower moduli of elasticity. 
This fact leads to the necessity of performing very careful analysis of 
structural parts which may suffer buckling failure. 

The following list identifies the various structural parts that 
require this form of analysis, together with their probable buckling 
modes (I.S.S.C. 1985) : 

(i) local buckling of laminates between longitudinal and 
transverse stiffeners under uniaxial or biaxial compression, 
possibly combined with shear; 

(ii) flexural buckling of longitudinal stiffeners between 
transverse frames under compressive load; 

(iii) local buckling of stiffener webs under shear, possibly 
combined with bending stresses; 

(iv) lateral-torsional buckling (tripping) of open-section 
stiffeners under lateral load; and 

(v) overall buckling of orthogonally stiffened deck and shell 
panels. 

Finally, it should be mentioned that the above analyses may 
require not only the traditional static, but also dynamic considerations. 
In fact, dynamic buckling may become a problem in relatively large 
F.R.P. vessels designed for open-sea service under extreme 
environmental conditions. 
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Fatigue failure 

Despite the importance of this type of failure mode, given the 
cyclic nature of the loads applied on a vessel, no consensus exists in the 
literature regarding the approach that has to be followed in evaluating 
fatigue failure. 

Design against through-thickness fatigue cracking may be based 
on the well known S-N curve concept, provided that such reference 
curves are available for the material, the loading and the environmental 
conditions under consideration. Such failure, however, appears to be 
rather local and not to significantly affect overall structural behaviour. 
More important are the problems caused by fatigue at structural 
connections, where peeling of bonded joints is a particular danger on 
which little information is available at present. 

STRENGTH CALCULATIONS 

Within a rational structural design procedure for F.R.P. vessels 
the need exists to perform all calculations treating the material as an 
orthotropic one. In other words, there is no point in assuming that the 
material is isotropic, as implied in most Classification Society Rules; the 
advantages offered by the orthotropic nature of these materials, such as 
the possibility for choosing optimum or near optimum property 
combinations (ratios of elastic moduli and strengths in various 
directions, ply angles, etc.), cannot otherwise be fully realized. 

All strength calculations should, therefore, be based on the theory 
of mechanics of composite materials (Jones 1975, Halpin 1984, Vinson 
& Sierakowski 1986, Smith 1990). In particular, the following types 
of calculations have to be performed: 

(i) bending of beams (stiffeners) under lateral and edge loads; 
(ii) buckling (local and overall) of beam-columns (stiffeners) 

under in-plane loads; 
(iii) bending of laminates (plates or shells) under lateral and 

edge loads; and 
(iv) buckling (local and overall) of stiffened panels under 

various in-plane loads. 
In several cases, vibration calculations may also have to be 

performed, although in general no serious vibration problems are 
expected due to the inherent absorbing characteristics of F.R.P. 

Regarding the boundary conditions for which such calculations 
should be performed, reference should in general be made to the 
respective ones used in the case of metallic ships. 

A point that should be also clarified is the extent of analytical 
versus numerical procedures to be used. It is apparent, that during the 
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preliminary structural design stages analytical methodologies are more 
appropriate. The investigation of various alternative structural design 
concepts requires the performance of quick calculations. When, 
however, the designer finalizes the preliminary design, it may be 
necessary to check in more detail the structural performance of certain 
critical parts of the vessel. Such detailed calculations can be done only 
numerically, the finite element method having been proved to be the 
most appropriate and popular one. Today, most general purpose finite 
element programs have the capability of carrying out calculations on 
orthotropic materials. 

AVAILABLE NUMERICAL TOOLS 

During the past few years, a research effort has been undertaken 
by the N.T.U.A. team aimed at developing the appropriate analytical 
and numerical tools necessary for a complete rational structural design 
of F.R.P. hulls. The need for such an effort arose from the results of 
an extensive literature search which showed that a number of necessary 
tools were not available to the practicing naval architect. 

As a first step towards this goal, a computer program was 
developed consisting of separate modules for the loading and strength 
calculations (Papazoglou & Tsouvalis 1987). During this development, 
it was discovered that no analytical solutions existed for the bending 
and buckling behaviour of composite plates under several loading 
combinations of importance to marine structures. It was thus decided to 
focus the research efforts towards solving these problems. 

The following problems have already been successfully solved 
(Tsouvalis & Papazoglou 1988, and 1990, Papazoglou & Tsouvalis 
1991 and 1992, Papazoglou et al 1992, Tsouvalis 1992, Zolotas 1992) 

(a) bending of laminated plates, considering the bimodular 
nature of F.R.P., i.e. the fact that the elastic properties in 
tension and compression differ substantially. 

(b) static buckling of laminated plates under a variety of in-
plane loads and of combinations thereof (uniform axial and 
biaxial compression, in-plane bending, triangular in-plane 
compression, shear, etc.); sets of design curves were 
developed as a result of this research effort. 

(c) dynamic (transient) response of composite laminated plates 
under lateral loading conditions. 

(d) static postbuckling behaviour of laminated plates loaded by 
in-plane and lateral loads. 

(e) Dynamic response of composite laminated plates under the 
combined action of in-plane and lateral loads. 
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(f) Determination of the optimum shape and dimensions of 
stiffeners under a variety of loads. 

At present, similar analytical solutions for the case of cylindrical 
laminated shells are being worked on, aimed at providing helpful tools 
for the design of submersibles. 

The same literature search refered to at the beginning of this 
section showed a quite different picture in the case of complex 
numerical tools capable of performing detailed strength calculations of 
critical parts of composite structures. The majority of existing 
numerical codes utilize the finite element method and are geared towards 
performing strength calculations of any composite structure, and hence 
of composite marine structures as well. A critical review of 46 most 
widely used mainframe computer-based structural analysis programs 
was reported by Brown (Brown 1987). The major problems addressed 
by all of the programs were : 

Structural response of laminated and multidirectionally 
reinforced composites 
Changes in material properties with temperature, moisture 
and ablative decomposition 
Thin-shelled, thick-shelled and/or plate structures 
Thermal-, pressure-, traction-, deformation- and vibration-
induced load states 
Failure modes 

In many cases, however, the analysis of standard laminated 
composite materials can be reduced to relatively simple, user-friendly, 
desk-top computer codes, providing the designer with a powerful tool 
with which one can optimize the material at the same time that its 
structural dimensions are formulated (Kibler 1987, Flanagan & 
Palazotto 1986, Hoa et al 1989). Although such computer programs 
are not directly applicable to composite marine structures, one may use 
them for analysis and design purposes of local structural details, 
provided that the loads acting are known with some accuracy. 

CONCLUSION 

The present paper attempted to outline in a brief way the rational 
structural design procedure for composite marine structures and the 
computer tools available to the naval architect for performing it. It 
should be noted that the presentation of the available computer codes is 
by no means complete, this not being the primary objective of the 
author. More emphasis was placed on presenting the general type of 
computer codes available and on how these codes can be used at 
various stages of the structural design procedure. 
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A general conclusion that can be drawn is that computer codes for 
the analysis and design of composite marine structures do exist and that 
the practicing designer can benefit from using them, thus ending up 
with a rather optimum design. 
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FINITE ELEMENT METHOD STRUCTURAL ANALYSIS 
OF THE COMPOSITE HULL SHELL. 

M. SIMEONE1 

Abstract - In the last two decades, the Finite Element Method has been 
growing as a powerful tool for the structural analysis of the ship hull, but 
in nautical construction the use of this method has been related mainly to 
steel or aluminium hulls. In a metallic structure the material is 
homogeneous and isotropic and the plate, or the stiffened plate, behaves 
as an orthotropic plate, which means orthogonally anisotropic with three 
mutually perpendicular planes of symmetry; on the contrary, when 
considering a composite hull panel the scheme ought to be different, 
because there arise two different problems, which ensue from the 
structural characteristics of the composite sandwich panel. Firstly, the 
Element Stiffness Matrix must take into account the natural anisotropy of 
the plate which is made by an overlap of several layers of different 
materials, such as glass, kevlar or carbon of different thickness and with 
different orientation. Each layer may be considered as homogeneous and 
orthotropic but the resulting composite panel is heterogeneous and 
anisotropic. The second problem which must be faced in applying the 
Finite Element Method to a composite hull ensues from the fact that the 
sandwich composite panel consists of two moulded skins firmly bonded 
to a core of plastic or aluminium honeycomb or of lightweight plastic 
foam. This configuration, making the entire panel an integral unit, gives a 
continuous support to the skins, allowing them to be stressed at and 
above the yield strength without buckling, and permits a very light core 
to carry the beam shear stresses. Therefore, the aim of this presentation is 
to examine the problems arising in evaluating the Element Stiffness 
Matrix of the composite hull, in which the flexural rigidity takes 
thoroughly into account the above-mentioned physical characteristics of 
the composite sandwich panel. 

Key words : Finite element, sandwich, composite hull. 
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NUMERICAL MODELLING OF THE BUCKLING OF STIFFENED 
SANDWICH PANELS 

J.L. BATOZ*, T. QUESNEL** 

Abstract - This paper presents a numerical method for the 
buckling analysis of stiffened sandwich panels for ship building 
with composite materials. The formulation of a multi-layered 
quadrilateral finite element of a plane shell including transverse 
shear effects is presented. Some classical tests allow the 
performance of this element to be evaluated for composite plates. 
Then an explanation is given for a method used for analyzing the 
buckling of panels. 

key words : sandwich structure, buckling, plate, shell, finite 
elements. 

INTRODUCTION 

The buckling of stiffened composite panels is a 
phenomenon that is of concern to shipbuilding. First, we will see 
why buckling and stiffened panels are of interest. In particular, we 
will pay attention to defining the characteristics necessary for the 
study of stiffened composite panel buckling. Next, we will present 
the overall numerical model for the study of stiffened composite 
panel buckling. Then, we will specifically discuss the two 
components of this model : the finite element of the plane shell 
and the linear buckling resolution module. Since these numerical 
tools have not all been finished, we will conclude the article by 
evaluating the contributions of this study and its limitations. We 
will also discuss the possibilities for completing this analysis and, 
for using the results from it in shipbuilding. 

Translated from the French original 
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THE INTEREST OF THE RESEARCH FOR SHIPBUILDING 

The basic structural element used in ships is the 
stiffened panel. It is usually plane in medium-sized to big ships. 
In composite material ships, which are still few, stiffened panels 
are used. In composite stiffened panels, a sandwich plate is used 
instead of the thin metal sheet plate found in metal stiffened 
panels. Further, U shaped or Ω shaped composite beams are 
used instead of the thin core metal stiffeners found in metal 
stiffened panels. Since stiffened panels make up the decks or the 
bulkhead of a ship, the stressing to which they are usually 
subjected is compression. Predicting the behavior of these panels 
under buckling is a problem with which all ship designers are 
faced. To understand the behavior of these composite stiffened 
panels under compression loading, it is therefore necessary to 
define their characteristics so as to develop a model adapted to 
the problem. 

Composite panels and stiffeners have lower 
slenderness ratios than metal ones. Not to take into account 
transverse shearing is therefore very unrealistic. In addition, the 
stacking of several materials results in behavior discontinuities. 
This heterogeneity, lends itself to shearing stress even in 
structures. This implies using plate and beam theories that take 
account of transverse shear. As in metal panels used in 
shipbuilding, the stiffening in composite panels presents an 
asymmetry in comparison with the plane of the plate. This 
asymmetry results in the bending of the panel as soon as it is 
compressed. The panel is therefore not in a state of pure 
compression when it buckles. 

Stiffened composite panels for use in shipbuilding 
cannot therefore be studied by directly using strength of materials 
type formulae or net charts containing empirical steps based on 
experiments on metal panels. Before being able to predict the 
behavior of stiffened composite panels under buckling, it is 
necessary to understand the phenomena involved. The 
implementation of numerical tools that take into account the 
specific nature of composite panel buckling is one way of 
appreciating the problem. 

APPROACH USED IN THE STUDY 

We will study two panels of the type shown in figure 1. 
Given the existing know-how in finite elements, we will 

use this method. Since the panels are plane and rectangular, we 
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decided to use multi-layered quadrilateral finite elements of plane 
shells that perform well under both bending-shearing and under 
membrane stresses. For stiffeners with closed sections, a beam 
element in free torsion is used. For these elements, we will take 
into account the material aspect by making the beams and plate 
homogeneous. For the beam, a calculation module was used to 
evaluate the characteristics of a comparable orthotropic 
homogeneous material, according to the method described by 
Batoz and Dhatt [1] and Gay [2]. For the laminate plates, the 
homogenizing was done automatically by pretreatment on the 
basis of the packing factor as was done by Batoz and Dhatt [1] 
and Tsai [3]. The behavior under transverse shearing of both the 
beam and the plate was evaluated using [1] and [4]. For the beam 
and plates we had the possibility of moving them off center. Before 
this can be taken into account, membrane-bending coupling must 
be introduced. This is consistent with the appearance of bending 
effects when a stiffened panel is compressed. Based on these 
elements, we can thus develop a model for this type of panel. 
Since the beam element is made up of a standard formulation [1], 
[5], [6], we will later discuss the original formulation of our plane 
shell element. These elements and their law of behavior estimation 
module were first developed and tested in the linear static 
domain. 

In order to study the behavior of the panels under 
buckling, a buckling resolution module should be established. 
Given the presence of bending when these panels are compressed, 
bending should be taken account for estimating the stability of 
the panel. The panel has a non linear geometric behavior as soon 
as it is subjected to load. A study that takes into account non 
linear behavior allows us to understand the stability of these 
structures. Above all, it allows us to set the order of magnitude of 
a more detailed non linear analysis. The development of a 
buckling calculation module is therefore a necessary step. The 
validity of the critical load can be calculated later by an 
incremental non linear, geometric calculation. The development of 
a non linear, geometric calculation should be based on a totally 
Lagrangian formulation that allows study of the major 
displacements while remaining in the domain of moderate 
rotations, which are realistic for the panels we are studying. This 
module will follow the linear buckling module which is currently 
being validated. 
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PRESENTATION OF THE PLANE SHELL FINITE ELEMENT 

Given that the behavior studied involves both 
membrane and bending stresses, the element used is a 
combination of the sturdy membrane element and a high-
performance bending-shearing element. 

The membrane element is the one proposed by Wilson 
and Taylor [7]. It is a quadrilateral element in which incompatible 
quadratic modes and four indefinite parameters were introduced. 
The addition of these modes allows a good representation of the 
effects of the membrane thanks to the mesh's low sensitivity to 
distortion. In addition, these modes can be eliminated at the 
elementary level (static condensation) This does not increase the 
size of the problem in comparison to the Q4 bilinear element. The 
bending-shearing element used is a Q4 bilinear element with a 
special representation of the transverse shear by substitution of 
the shear deformation fields. This element has been presented by 
several authors : Bathe and Dvorkin [8], Donea [9] , Prathap [10], 
Batoz and Dhatt [1]. For bending, it uses the deformation field 
that results from the Mindlin-Reissner displacement field. For 
shear, a substitution deformation field was used so that its 
average on each side of the element is equal to the average of that 
used in displacement. These two elements are the basis of the 
element used for our study. However, in order to take into account 
the possible effects of the membrane-bending coupling, an 
element combining both aspects was developed in a multi-layer 
version. On the basis of the following displacement field : 

u [ UO + Zβx 
u =  v 1 E l v0 + zpy 1 L w J l wo J 

we define the following deformation field : 

<e> = <ex ey exy> = <e> + z<X> 

= <u0
 x

 V0 y u0 y + vo x> 

+ Z<βx,
x
 py,y px,y + βy,

x
> 

<Y> = <yxz yyz> = <w
0 x

 + (βx w
0
 y Py> 

Expressed in the above fashion, {ε} is linear while (y) is 
constant in the thickness. The law of behavior is defined on the 
basic of lamination characteristics (see Figure 2) by : 
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[Нщ] = 

with [Hi] 

t+ r t+ 

[Hi]dz [Hmf] = z[HJ]dz 

r r 

[ ax 1 . f ex 
i] oy = [H1] | ey 

ffloxyj lexy 

[Hf] 

t+ * 

z2 [H^dz 

f 

| for the ith layer. 

(see Figure 2). 

[He] is defined by comparison with the shear energies : 
one of the energies is connected to the Reissner-Mindlin plate and 
the other one is connected to the exact theoretical distribution of 
the transverse shearing stresses [ 1 ] [4 ]. 

The virtual elementary internal work is : 

e 
Wint = J <e*> ([Hm] [e] + [Hmf] {X}) 

Ae 

+ <X*> ([Hmf] [e] + [Hf] {X}) 
+ <x*> [Нс] { y} dAe 

Ae is the area of the element. 
By using the interpolation of the Q4WT element for u 

and v, we obtain : 

[“! [ = Z Ni] s M В i L V1J 1 ( 
PfCXi I P2oc3 pla2 + p2a4J 

We obtain {e} = [Bm ]{un
m} + [ Bmα ] { an } 

For the bending-shearing part, we obtain : 

{x} = [ Bf
] { u

 n
f] et {_Y } = [ N Y] {y

 n}
 =[ В

 c
] { u

 n} 

with {y} substitution field and <Yn> = <ysl-2 ys2-3 ys3-4 Ys4-1> 

defined for each side of the element. 

{Yn} is linked to {un} by the following integral relations. 

J ( w,s + βs ) - ysz = 0 
Lij 

in which Lij stands for side i-j of the element, we thus obtain : 
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In Wint, the term, <y*> [Hc] {y} is replaced by 
<y*> [Hc] (yn). We thus obtain the following rigidity matrix : 

u n wn u n α n 

[km] [kmf]T[kma] 

[kmf] kc + [kf] [kfα]T 

[kma] [kfa] [ka] 

To eliminate the terms for an, we саrrу out a static 
condensation, i.e. we use the fact that an are local parameters of 
the element. 

To fulfill the compatibility of the element despite the 
existence of incompatible modes, we evaluate [kma] and [kfa] by 
using a constant value for the Jacobian for the entire element. By 
doing this, we ensure the accurate representation of a constant 
deformation state regardless of the geometry of the element. For 
the treatment of composite structures, the post resolution 
calculation of the stresses provides the results for each layer. 

This bending-shearing membrane element is therefore 
high-performance because it is based on a sturdy membrane 
element which is not very sensitive to the distortion and on the 
bending-shearing element which is valid for both thin plates and 
thick plates. This element is not affected by blocking during 
shearing, nor the existence of a parasite mode (rang correct) for an 
exact integration (2*2) 

To prove the validity of our element, we show here the 
results of the Pagano test on a 9 layer plate described in [11], 
Table 1 figures 3 and 4. For plates with L/H >10, the results are 
accurate; for plates with a lower slenderness ratio, the Q4yWT 
element provides only orders of magnitude. 

To verify the behavior of our element in sandwich 
panels, we compared our results found in reference [12], Table 2. 
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LINEAR BUCKLING 

For the purposes of our buckling study, we are going 
to illustrate the problem that we need to solve as well as the 
means of solving it. Buckling is characterized by disproportionate 
increase in a structure's deformation for a small increase in the 
load. This means that composite stiffened panel buckling is non 
linear, at least geometrically. 

The linear buckling theory is an analysis of the 
stability of the initial configuration (undeformed) which assumes 
that the structure has an elastic behavior. The thermoset 
composite materials used show an elastic behavior which renders 
the material linearity hypotheses valid. To undertake this study, 
we have therefore directly used a nonlinear geometric formulation 
(Total Lagrangian Formulation). This representation has the 
advantage of paving the way for a later nonlinear study. In fact, 
linear buckling corresponds to the search for a critical state 
between linear behavior and non linear behavior. Additional 
information can be found in references (13) and (14). 

Equilibrium is characterized by a minimum of energy 
according to the virtual work principle., 

δπ = W = Wint - Wext = 0 

When a Total Lagrangian Formulation is used, this 
relation is expressed in the initial configuration, i.e : 

W = J< 8u >{S}dV° - \< δu>{fv}dV° - j<8u>(fs)dS° = 0 
V" V° SF° 

<8u> = 0 sur Su° 

with (S) = [H] (ε) [H] constant 

{S} Piola-Kirchoff stresses of the second type 

and {ε} = (e 1 } + {ε nl } 

{ε} Green Lagrange stresses 

Since this relation is nonlinear, we cannot determine 
{u} directly. We solve the problem in iterative fashion in the 
following manner : 

On the basis of estimated solution U1 , we obtain : 
W(u1) ≠ 0 
we'd like to obtain Δu1 such that W( u1 + Au1 ) =0 
so W( u1 + Au1 ) = W( u1 ) + AW( u1 , Au1 ) + 0 (( Au1 )2) 
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ΔW = s(<δe >)[H]{δe}+< δ2є>{S}dV° -J< δu>{ δfV}dV° 

assuming that the fs contour forces are indépendant of U. 

In the expresson for δW, only the linear terms in displacements 
are kept. Thus by writing 

{e} = {є1 } + {el } 

we obtain 
AW = J(< δe1 >) [ H ] { δe1 } > [Kj] 

+ < 8enl ^[HKSEJ } + <§£! >)[H]{8enl } > [Ku] 

+ < Ô^eni > {S ]j - < 8u > { 8f} dV° 

->[Ka] L> IKjJ 

In non linearity, we need to solve : AW ( U1 , AU1) = - WfU1) 
Thus to a first order, we therefore obtain : 

[KT] {AU1} = {R(U1)} 
then {U2} = {U1) + {AU1} 
with {R} = {Fext} - {Fint} 
and [KT] = [K1] + [Ku] + [Ko] - [Kλ] 

[K1] : linear rigidity matrix 
[Ku] : initial displacements matrix 
[Ko] : initial stresses matrix 
[KλJ : following strength matrix 

A critical state (buckling state) is characterized by a 
singular tangential matrix, i.e, a state where 
[K

T
]{Δu} = {0}. In linear buckling, we assume that the behavior of 

the structure is linear until it reaches a critical state. 
Consequently, since we know the u0 linear solution for a loading 
state {Fo}, we seek to obtain 

Ucr = λuo 

We thus obtain : 

[KT] = [K1] + λ[KU]0 + [Kσ]0 - [Kλ]0) = [KT]{ucr} = {0} 

then : 
([K1] + λ([Ks] {ucr} = {0} 
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or the following problem with its eigen values which needs to be 
solved : 

([K1] + λ([K
S

] {u}cr= {0} 

with the [Kg] stability matrix ([Ku] + [Kσ] - [Kλ]) 

We obtain critical buckling load {Fcr} = λcr {F0} with 
λcr being the smallest positive eigen value of the problem. We 
should like to point out that [Kt] {ucr} = 0 corresponds to δ2II = 0 
(a classical stability analysis criterion). To illistrate this approach, 
let us look at the following displacement fore graph (fig. 5). 

The first time a static linear calculation is carried out, 
we obtain the solution (u0,F

0
 then we seek (u,F) corresponding 

to a boundary condition between a stable equilibrium and an 
unstable equilibrium. Studying an initial linear behavior leads us 
to find a branching point B. Nevertheless, this critical point could 
be either a boundary point or a branching point. This can be 
shown by carrying out a non linear analysis or, by the product of 
<Ucr

> {F
0

}. If the product is nil, it is a branching point. If the 
product is not nil, it is a boundary point. The limitations of this 
approach are shown on the graph. The lesser the probability that 
the behavior is linear, the more likely it is that the critical load 
value are overvalued, even if in linear elasticity, mode {Ucr} of the 
linear bucklinghas the correct shape. To evaluate the reliability of 
a critical load obtained in linear buckling, a non linear calculation 
is therefore necessary if experimental results are lacking, 
unlesswe are certain that the structure has a linear behavior, this 
is not the case for stiffened panel. 

CONCLUSION 

This study is still in progress. Once the developments 
are fully completed, the study should allow us to better predict 
the behavior of composite stiffened panels used in shipbuilding. 
However, comparing the results of the study with experimental 
results is a necessary step for validing this numerical study. 
Given that few experiments have been carried out to this day, it 
would be interesting to set up a series of test that could be carried 
out in connection with this study. Unfortunately this experimental 
study is currently only a project. In any case, the numerical 
software currently being developed should lead to the development 
of a complete software for industrial use. The software should 
allow the checking of buckling structures. The projected 
experimental study would allow not only rendering the software 
reliable but add to our knowledge of composite stiffened panel 
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buckling. Thus, the definition of sampling formulas or 
predimensioning formulae for design office use would be possible. 
We will provide you with the results of this study soon. 
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s = L/h Modèle 
(Lx/2,L/2,h/2) 

ay 
(Ly/2,L/2,2h/5) (0XzL/2,0) (Lyz2,0,0) 

w 
(L/2,L/2,0) 

Q4y 6x6 0,468 0,485 0,240 0,239 4,290 
4 Q4y 10x10 0,472 0,506 0,241 0,240 4,281 

Elasticité[ 11] 0,684 0,628 0,223 0,223 4,079 

Q4y 6x6 0,506 0,458 0,257 0,220 1,529 
10 Q4y 10x10 0,509 0,461 0,258 0,220 ' 1,530 

Elasticité[l 1] 0,551 0,477 0,247 0,226 1,512 

Q4y 6x6 0,531 0,428 0,269 0,206 1,016 
50 Q4y 10x10 0,535 0,431 0,270 0,207 1,020 

Elasticité[ 11] 0,539 0,433 0,258 0,219 1,021 

10 000 Q4y 6x6 0,533 0,426 0,269 0,205 0,995 
Q4y 10x10 0,537 0,429 0,270 0,206 0,998 
Elasticité[ 11] 0,539 0,431 0,259 0,219 1,000 

Tableau 1. Plaque carré composite à 9 couches simplement supportée 
sous chargement doublement sinusoïdal. 

Comparaison des déplacements et contraintes (Réf. 11) 
Table 1. Simply supported square 9-layer composite plate 

under double sinusoidal loading. 
Comparison of displacements and stresses (ref. 11) 

c_ Epeau 
E coeur 

Modèle W 

(L/2,L/2,-4h-/10) (L/2,L/2,-4h+/10) (L/2,L/2,-h/2) 

Q4y 6x6 175,41 28,641 28,641 35,802 
С = 1 Q4y 10 x 10 175,62 28,654 28,654 45,818 

Elasticité[ 12] 181,05 28,54 28,54 35,94 

Q4y 6x6 40,077 50,960 5,096 63,700 
С = 10 Q4y 10 x 10 40,088 50,996 5,100 63,745 

Elasticité[ 12] 41,91 48,61 4,86 65,08 

Q4y 6x6 16,451 46,687 0,934 58,359 
С = 50 Q4y 10 x 10 16,429 46,727 0,935 58,409 

Elasticité[ 12] 16,75 37,15 0,74 66,90 

Tableau 2. Plaque carrée (L/h=10) sandwich simplement supportée 
sous charge uniforme. 

Comparaison des déplacements et contraintes (Réf. 12) 
Table 1. Simply supported square sandwich plate 

(L/h=10) under uniform loading. 
Comparison of displacements and stresses (ref. 12) 
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Figure 1. Panneau sandwich raidi 
Stiffened sandwich panel 

Figure 2. Plaque stratifiée 
Laminated panel 
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Figure 3. Distribution de σxx à travers l'épaisseur. 
Test de Pagano pour 9 couches avec L/h = 10. 

σ
xx

 distribution through the thickness. 
Pagano's test for 9 layers, L/h -10. 
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Figure 4. Distribution de τxz à travers l'épaisseur. 
Test de Pagano pour 9 couches avec L/h = 10. 

τxz distribution through the thickness. 
Pagano's test for 9 layers, L/h = 10. 
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Figure 5. Courbe charge-déplacement de flambage. 
Load-displacement plot for buckling. 
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FINITE ELEMENT ANALYSIS OF A SANDWICH 
AIRCUSHION CATAMARAN 
0. HERMUNDSTAD*, T. MOAN*, H. NORDAL** 

Abstract - This paper deals with the structural analysis of transverse 
frames and bulkheads in sandwich catamarans. Finite element analyses of 
a frame and a bulkhead have been carried out, and the results are 
compared to those obtained from a finite element model of the entire craft. 
The frame and the bulkhead have been analysed with five different 
boundary conditions. Four idealized load combinations have been applied, 
and it is demonstrated that transverse frame models can give quite 
inaccurate results. This is due to the difficulty in deciding the relevant 
support springs to represent the interaction between the actual frame and 
the other part of the structure. When designing a new type of vessel, it is 
recommended to carry out a global finite element analysis instead of 
relying on frame models. 

key words : aircushion catamaran, sandwich structure, finite element 
analysis 

INTRODUCTION 

In the structural design of a vessel it is important to evaluate the 
strength and stiffness of transverse frames and bulkheads. This is 
especially true when designing catamarans since the transverse strength 
is a critical factor for this type of vessels. 

The methods used to analyse such transverse frames may vary from 
simple beam models to extensive finite element (FEM) calculations. In the 
latter case, the structure can be modelled with a high degree of accuracy 
by using sufficiently small elements with proper displacement or stress 
fields. 

A major uncertainty remains however, regarding the choice of 
boundary conditions. When only a part of the vessel is modelled, the 
boundary conditions should represent the interaction between the frame 
and the remaining part of the structure. This can be done by introducing 
springs, as shown in Fig.l. The method is well known from the analysis of 
frames in conventional ships such as tankers, but a sandwich catamaran 
has a very different structural arrangement. 

The question is whether it is correct to apply this method to a 
catamaran, and if not, how will the incorrect boundary conditions 
influence the results? 

The Norwegian Institute of Technology, Division of Marine Structures 
Ulstein International a.s. 
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In order to find answers to these questions, an aircushion catamaran 
(SES) constructed of sandwich with PVC foam core and glass fiber 
reinforced polyester faces, has been modelled using the finite element 
method (Figs.3 and 4). In addition to this global model, local element 
models of a transverse frame and a bulkhead were generated (Fig.5). 

By imposing different boundary conditions on the local models, and 
comparing the response of these models with that of the global model,the 
influence of the boundary conditions can be investigated. 

FINITE ELEMENT MODELS 

GENERAL REMARKS 

The total length of the craft is 38 meters and the beam is 11.6 meters. The 
weight is approximately 185 tonnes fully loaded, and the speed is about 45 
knots. 

The analysis is static and linear, and the SESAM (SESAM User's Man-
uals) finite element code is used. All panels are modelled using 8-noded 
subparametric multilayered shell elements (MCQS). Beams and flanging 
of cutouts are represented by 3-noded isotropic beam elements (SECB). 

GLOBAL MODEL 

The global finite element model consists of 1451 shell elements and 627 
beam elements. The total number of degrees of freedom is 44982. 

The stiffness contribution from the cockpit and the upper passenger 
cabin is assumed to be negligible, and they are therefore omitted from the 
model. The weight of these parts are included in the model by increasing 
the density of the elements in area involved. 

Springs are used as supports, and they are located at the bow and stem 
sections. No nodes are locked in any degrees of freedom. 

The sandwich material is represented by an isotropic core with an 
orthotropic layer on each side. The core material is Divinycell H-grade, 
and different densities are used in different parts of the structure. The 
elastic moduli used in the analysis are given by the manufacturer. 

The laminates consist of several layers of woven roving (WR) with 0/90 
fiber orientation, and chopped strand mat (CSM). The relative amount of 
WR and CSM and the number of layers varies from place to place. 

In-plane elastic moduli of the different laminates are calculated by the 
PC-program MIC-MAC (Patterson & Tsai), and the Young's moduli (E1 and E2) are found to be 13-14 GPa for all laminates. The shear modulus 
(G

12
) is about 3.31 GPa, while the Poisson's ratio (v12

 and v21) is about 
0.15 for all laminates. 

Out-of-plane shear moduli are approximated as 2.8 GPa by using hand 
calculations. 

Laminate thicknesses vary between 1.1 and 3.7 millimeters according 
to MIC-MAC calculations. The average density of the. laminates was 
approximately 1625 kg/m . 

To get an indication of how well the global element model represents 
the real craft, measurements were carried out to find the torsional 
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stiffness of the real structure (Hermundstad et. al.,1992). This stiffness 
was measured by lifting the vessel at two diagonally opposite points while 
monitoring the deflections and the forces. The same forces were applied to 
the finite element model. The measured torsional stiffness was around 200 
MNm/rad, while the calculated value was 133 MNm/rad or 172 MNm/rad 
depending on whether the four supports were free to move in the 
horisontal direction or not. The horisontal displacement of the supports 
were not measured. The reason why the finite element model is too 
flexible is probably that local reinforcements (tanks, fixing laminates etc.) 
and reinforcements at the supports are not modelled.The model 
experienced large local deformations at these points, which reduced the 
calculated stiffness. These differences are not considered to be important 
for the comparison with the frame models. 

LOCAL MODELS OF TRANSVERSE FRAMES 

Two different transverse structural members were chosen for the local 
models (Fig.5). One of them (ТВ 195) has a rather small cutout and can be 
considered as a bulkhead. The other (ТВ 139) has a large cutout and looks 
more like a frame. 

Both of them represent typical finite element models that would be 
used in the design process. 

Figure 6 shows the location of the two members considered. They are 
located 13.9 and 19.5 meters forward from the aft perpendicular 
respectively. 

A more refined element mesh is used for the local models, as can be 
seen by comparing Figure 6 with Figure 5. Another difference is that also 
the lower passenger cabin is omitted from the local models while this is 
included in the global model. This is done because the superstructure is 
not supposed to be included in the design calculations according to the 
DNV rules (Det Norske Veritas 1991). One of the models (TB195) has been 
used in design calculations. 

The effect of these two differences was investigated by making a local 
model with a mesh equal to the corresponding mesh in the global model, 
and a local model with the lower passenger cabin included. The influence 
of these changes turned out to be small. 

The part of the longitudinal structure half way to each adjacent 
frame/bulkhead is included in the models. The fore and aft edges of each 
model are locked in longitudinal translation (x) and in rotation around the 
pitch (y) and yaw (z) axes. 

Only symmetric loadcases are used in the analyses, so only the port 
side of the structure is modelled. The nodes in the plane of the center-
girder are locked in the transverse translational degree of freedom (y) and 
in rotation around the roll (x) and yaw (z) axes. 

To prevent unbounded motion in the heave (z) direction, some nodes 
must be locked in this direction and/or vertical springs must be 
introduced. 

Analyses were carried out using 5 different combinations of springs and 
fixed points for both local models. These boundary conditions are shown in 
Fig. 7. The first one (LM-1) is a result from the application of the method 
used when designing frames in tankers. No nodes are locked in the heave 
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(z) direction. Springs are distributed along the fore and aft edges of the 
models. Only edges that are vertical or close to vertical have distributed 
springs (Fig 1.). The spring stiffnesses are evaluated by calculating the 
stiffness of the longitudinal member to which the springs are attached. 
This stiffness is found by assuming that the adjacent frames/bulkheads 
are held fixed without deformation. Only the shear stiffness is considered, 
and the total spring stiffness is distributed uniformly to each node. 

For LM-2 all springs are removed, and one node is locked in all 
translational degrees of freedom. This node is located at the bottom of the 
center-girder in the plane of the frame/bulkhead. 

The third boundary condition (LM-3) is similar to the second in the 
sense that there are no springs. The difference is that for LM-3 there are 
two fixed nodes located in the upper right corner of the models, one at the 
fore and one at the aft end of the local model. 

LM-4 is the same as LM-1 except that the springs distributed along the 
center-girder and the other longitudinal girder are removed. 

In the last case (LM-5) the spring distribution is kept as for LM-1, but 
all spring stiffnesses are reduced to one-tenth of the original values. 

LOADCASES 

Four loadcases were selected for the global model. As can be seen from 
Fig.8 there are two different longitudinal distributions and two different 
transverse distributions. 

In two of the loadcases (LU and LAll) the pressures are constant 
along the length of the craft, while in the two other loadcases (M11 and 
MA11) the pressure is applied only to a small part of the ship in the 
midship area. Two loadcases (LU and M11) have no pressure applied to 
the flat cross structure (wet-deck). 

According to the DNV rules, a design acceleration equal to the 
acceleration of gravity, g, should be used. To simulate the inertia force 
(acting downwards) due to this acceleration, the gravity constant is set 
equal to 2g in the the analyses. 

A constant pressure of 4.8 kN/m2 is applied to the entire main deck for 
all loadcases. 

This implies that the forces acting downwards are the same in all four 
cases. In order to obtain global equilibrium, the magnitude of the 
pressures varies from case to case. 

Due to the small area to which the pressure is applied in loadcase M11, 
the pressure magnitudes are larger than what would be used in a design 
process. However, one should keep in mind that these loadcases are only 
to be used in a comparison between the global and the local models, and 
not for design purposes. 

The same loads are applied to the local models. Loadcases M11 and 
MA11 however, are not defined for model TB139, since this frame is 
located outside the area where the pressure is applied. 

All pressures are applied as line-loads in the plane of the frames/bulk-
heads. The intension is to isolate the global behavior from the local 
bending deformation of the panels. 
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RESULTS 

The response that is used for the comparison is the relative displacement 
between 6 different points in the plane of the frame (Fig. 2). Relative 
displacements is an important criteria in. designing this type of vessels, 
and the stresses in the structure are indirectly related to the relative 
displacements. The relative displacements that are used are: Δ1Z = Zo -
Z

1
; A2Z = Z

3
 - Z1; Δ3Z = Z4 - Z1; Δ4Z = Z5 - Z1; Δ1Y = Y5 - Щ Δ2Y = Y6 -

Y^; where Yi and Zi is the displacement in the y- and z-direction 
respectively for point number i. 

The same displacements are monitored for both local models, and for 
the corresponding frame and bulkhead in the global model. 

The results are shown in Table 1 for model TB139 and in Table 2 for 
model ТВ 195. In column number 3 the relative displacements for the 
global model are listed for each loadcase. The subsequent columns show 
the same displacements obtained from the corresponding local model, for 
different boundary conditions. In addition, two parameters CORR and 
FACT, are listed in each case. CORR is the correlation coefficient, 
indicating to what extent the relative differences between the 
displacements are the same for the local and the global models. If the 
deformed shape of the local model is similar to that of the global model, 
the CORR is close to 1.0. 

A CORR-value of 1.0 does not necessarily mean that the magnitudes of 
the displacements are the same. Dividing each of the displacements from 
the global model (except A2Z) by the corresponding value from the local 
model, and taking the average, yields the value of FACT. If FACT is 2.0 
the displacements calculated from the global model are on the average 
twice as large as those found from the local model. 

DISCUSSION AND CONCLUSIONS 

It is evident from Table 1 and 2 that the response calculated from the local 
models is greatly influenced by the choice of boundary conditions. The 
correspondance between a local model and the global model is also very 
sensitive to the variation in loading. 

The original boundary conditions (LM-1) yield deformations that are 
much smaller than those calculated from the global model. 

When the spring stiffnesses are reduced to one-tenth of the original 
values, the correspondence is better, but the variation from loadcase to 
loadcase is large. 

Also for the three boundary conditions where the springs are totally or 
partly removed, the results are widely scattered. 

For a given loadcase, some boundary conditions yield conservative 
results for certain response parameters, but for other response parameters 
or for another loadcase, the results may be non-conservative. 

If a distribution of springs is to be used, it is necessary to find a better 
way to calculate the spring stiffnesses. When analysing a frame in a 
tanker, the adjacent frames are also assumed to undergo deformation, but 
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the bulk-heads are considered rigid. This is a reasonable assumption, and 
it makes it straight forward to calculate the spring stiffnesses. 

For a sandwich catamaran, the situation is different. The shape of a 
bulkhead in a catamaran makes it much less rigid, and the assumtion that 
it does not deform will not hold in many cases. The problem is increased 
when sandwich material is used, since in this case we will have no sharp 
transition between frames and bulkheads (cfr. Fig.6). The spring 
stiffnesses will be highly dependent on the deformation of the adjacent 
frames/bulk-heads, but it is very difficult to predict how these will deform 
by a simple model. Their deformation will depend on both the longitudinal 
and the transverse load distribution as well as the relative stiffness of 
both transverse and longitudinal components. 

The correct spring stiffnesses will therefore vary from loadcase to 
loadcase, and even for a given loadcase they will be very difficult to 
calculate. 

One way to reduce these problems would be to include more of the 
surrounding structure in the local model. By including one or two adjacent 
frames/bulkheads on each side, the response of the original 
frame/bulkhead will probably be less sensitive to the boundary conditions. 
The extra work involved can be reduced by modelling the surrounding 
structure in a less detailed way, or simply by copying the original 
frame/bulkhead and using superelement technique, provided the adjacent 
frames/bulkheads are not too different from the original one. 

However, when a new type of vessel is to be designed, it is 
recommended to make a finite element model of the whole structure in 
order to get reliable results. 
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Fig.l. Modèle d’Eléments Finis avec le montage des ressorts. 
Finite element model with spring support. 

Fig.2. Points d’enregistrement des déplacements. 
Points for the registration of displacements. 

Fig.3. Catamaran à coussin d’air de 38m. 
38 meter sandwich aircushion catamaran. 

Fig.4. Modèle global d’Eléments Finis. 
Global finite element model. 
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Fig.5. Modèle locaux d’Eléments Finis. 

Fig.6. Position du cadre et de la cloison à l’intérieure de la structure interne du modèle global. 
Location of the frame and the bulkhead within the internal structure of the global model. 

Fig.7. Conditions aux limites. 
Boundary conditions. 
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Fig.8. Cas de charge. Toutes les pressions sont données en kN/m2. 
Loadcases. All pressures are given in kN/m2. 

Load Msd. Global LM-1 LM-2 LM-3 LM-4 LM-5 

L11 

Δ1Z 27.00 6.51 297.11 -115.03 12.05 20.81 
Δ2 Z 0.00 0.12 -6.89 0.00 0.09 0.09 
ΔЗ Z 15.00 7.47 72.61 8.00 11.63 13.01 
Δ42 20.00 7.24 184.11 -48.70 12.35 17.11 
Д1У 8.37 -4.40 193.00 -106.00 -2.64 3.46 
Δ2У -4.87 -8.96 44.00 -30.80 -8.14 -6.89 

CORR 0.84 0.82 -0.47 0.90 0.99 
FACT 2.27 0.11 0.55 1.78 1.35 

LA11 

Δ1Z -9.00 -4.47 39.41 -157.38 -15.90 -20.54 
Δ2 Z 0.00 0.42 -2.89 1.00 0.50 0.50 
ΔЗ Z -3.00 -1.93 16.81 -14.00 -9.99 -5.40 
ΔAZ -7.00 -3.02 28.81 -159.00 -13.42 -12.90 
Δ1Y -6.15 -3.07 20.30 -122.00 -7.34 -14.50 
Δ2Y -2.62 ■ 5.92 -29.80 -3.23 -4.54 

CORR 0.98 -0.96 0.95 0.89 0.98 
FACT 2.04 0.28 0.09 0.61 0.51 

Tab.l. Comparaison des résultats du modèle global et du modèle local TB 139. 
Comparison of results from the global model and the TB139 local model. 
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Load Msd. Global LM-1 LM-2 LM-3 LM-4 LM-5 

L11 

Δ1Z 21.10 3.22 71.56 0.09 8.83 9.72 
Δ2Z 0.00 0.08 -2.24 0.07 0.06 0.07 
A3Z 16.10 3.02 35.36 6.15 7.49 6.95 
Δ4 Z 20.30 3.80 49.46 5.41 8.93 8.92 
Δ1Y 9.50 -0.19 39.50 -6.92 1.17 2.68 
Δ2 Y 1.10 0.19 4.02 0.10 0.55 0.60 

CORR 0.90 0.93 0.41 0.96 0.99 
FACT 14.60 0.33 50.64 16.93 2.43 

LA11 

Δ1Z -10.20 -2.68 13.14 -359.68 9.36 -10.26 
Δ2 Z 0.10 0.23 -1.36 0.30 0.25 0.30 
ΔЗ Z -3.30 -1.75 9.04 -11.00 -7.03 -4.68 
Δ4 Z -5.60 -2.06 10.84 -19.50 -8.15 -6.68 
Δ1Y -7.69 -1.12 4.62 -27.30 -2.76 -6.23 
Δ2У -0.61 -0.15 0.70 -2.04 -0.58 -0.60 

CORR 0.84 -0.79 0.74 -0.36 0.97 
FACT 3.87 0.84 0.24 1.22 0.96 

M11 

Δ1Z 102.90 4.83 410.00 -142.00 4.21 6.80 
Δ2 Z 0.00 0.07 -17.64 0.00 0.06 0.00 
ΔЗ Z 30.80 7.33 210.46 -15.00 6.98 14.00 
Δ4 Z 61.90 8.57 287.46 -53.10 8.07 14.50 
AlY 102.00 -4.49 219.00 -140.00 -4.79 -9.40 
Δ2У 17.80 -0.03 22.80 -7.98 -0.10 0.18 

CORR -0.06 0.84 -0.97 -0.09 -0.15 
FACT 129.76 0.37 1.38 47.16 26.27 

MA11 

Δ1Z -44.60 -16.01 107.05 -224.04 -66.36 -61.34 
Δ2 Z 1.00 0.60 -9.95 1.00 0.70 0.70 
ΔЗ Z -26.60 -10.50 67.05 -68.00 -49.90 -28.40 
Δ4 Z -33.60 -13.10 82.35 -122.90 -58.93 -41.10 
Δ1Y -14.40 -6.39 44.90 -170.00 -19.20 -36.50 
Δ2 Y 0.00 -1.13 5.54 -12.90 -4.47 -3.83 

CORR 0.99 -0.99 0.80 0.49 0.94 
FACT 2.03 0.31 0.19 0.51 0.58 

Tab.2. Comparaison des résultats du modèle global et du modèle local TB195. 
Comparison of results from the global model and the TB195 local model. 
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GLOBAL AND LOCAL BUCKLING OF COMPOSITE 
MATERIALS : APPLICATION TO YACHT MASTS*. 

H. DEVAUX1 

Abstract - The mast-rigging combination of a yacht is the structural 
element which transmits the aerodynamic forces on the sails to the 
yacht's structure. This load transmission element is in general made up of 
a mast, a long, thin tube, and the rigging which is a collection of cables 
linking the mast to the deck. These elements are long, often longer than 
the hull, with a high centre of gravity and it is essential to obtain as low a 
mass as possible, both for safety and performance. This search for 
weight gain imposes the use of lighter and lighter materials : wood, then 
aluminium alloys and most recently, since the early 1980's, composite 
materials. The use of the latter is the subject of this paper. 

key words : buckling, mast, rigging, finite elements. 

INTRODUCTION 

The analysis of the mast-rigging structure shows that the mast is 
essentially a beam loaded in bending and compression and that, for most 
of the cases studied, the compression loads predominate. This implies 
that, in addition to the traditional dimensioning of this structure in terms 
of stress and strain, the buckling phenomena must also be closely 
studied: 

- global buckling of the structure, the critical loads on the structure 
must be determined, 

- local buckling of the wall, as the mast is generally a thin wall tube 
it must be ensured that the skin (thin shell) remains stable under operating 
loads. 

A global approach to these problems may be undertaken by 
meshing the structure using finite elements, "shell" elements for the mast 
tube and "cable" elements (tension bars) for the rigging. The mesh size 
necessary to obtain the critical stresses for the tube wall leads to a very 
large number of nodes and degrees of freedom (in excess of 20000), 
which limits this technique. 

* Translated from the French original. 
1 ACX, 29200 Brest, France. 
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The most common approach used at present is to separate the studies of 
global and local budding : 

- the global mast-rigging uses the modelling of the mast as a beam 
finite element, with the rigging remaining modelled as cables, 

- the local buckling is determined using either finite element 
calculations, with the mast tube meshed as shell elements over a section 
of reduced length (several buckling wavelengths), or by using analytical 
formulae from the study of buckling of isotropic hulls : it is this latter 
approach which will be presented here. 

GLOBAL BUCKLING OF THE MAST-RIGGING 
STRUCTURE. 

A finite element "beam-cable" study shows that, for the majority of 
cases, the criteria of strength and strain are the dimensioning criteria for 
the rigging cables, whereas the buckling criterion is most penalising for 
the mast tube. The safety factors for buckling (the inverse of the buckling 
coefficients "CF", the ratio of the real load to the critical load), are in 
general between 1.15 and 1.6 : the safety margins are small and the 
choice of mast tube rigidities must be performed very carefully. 

We have developed a special calculation tool for the global buckling 
calculation, which is based on the use of the compliance matrix of the 
structure. This type of numerical model allows access to the buckling 
coefficients of the structure - the dimensioning values - in a very reduced 
time, and to determine easily the deformed shape of the mast by taking 
account of the amplifying effect of the compressive loads. The 
mechanical characteristics of the beam (with variable moment of inertia) 
which make up the mast tube - compressive, flexural and shear rigidities 
- are of course taken into account. 

The main results to be noted for the global buckling of carbon 
composite masts with respect to metallic masts (in aluminium alloy) are : 

- it is necessary to characterise the compression and flexural 
rigidities of the composite tube from the compression modulus of the 
materials because the whole section of the mast tube is subjected to 
compression stresses. According to the type of carbon fibre used and its 
fabrication, the compression modulus may be 15% lower than the tension 
modulus, which has a direct effect on the buckling coefficients. 

- the influence of the shear modulus of the mast tube materials is 
more important when high modulus carbon fibres are used, and the loss 
in buckling coefficient may reach 10%, which is far from negligible, 
particularly as the safety factors for buckling are low. 

Once the precautions relative to these two points have been taken, 
the determination of the buckling coefficients of a composite mast is 
analogous to that for the metallic masts. 
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LOCAL BUCKLING OF THE MAST TUBE WALLS. 

A mast tube may be considered as a thin walled tube (for example, 
the wall thickness of a composite tube of elliptical section 300 * 150 mm 
is around 6mm). We have seen previously that one of the dimensioning 
factors for a mast is the global buckling, i.e. that this criterion forces us 
to choose the flexural rigidities, which makes us design the composite 
tube with a maximum number of fibres along the longitudinal axis. It is 
easy to imagine that a tube with only 0° fibres could cause problems with 
respect to local wall buckling, while in order to minimise weight the 
amount of fibres at 45° and 90° should be as low as possible. 

The search for the critical wall stresses can only be performed in an 
exact manner with a finite element composite shell model. However, for 
preliminary design purposes results from analytical formulae established 
for isotropic hulls or parts of cylindrical hulls. This approximation is not 
too far from the reality if one considers that the stacking of the different 
layers of the mast skin gives local bending rigidities, in the axial and 
tangential directions, which are quite similar to each other. The largest 
error in the calculation comes from the choice of the radius of curvature 
of the hull. It may be noted that the order of magnitude of the error in the 
critical stresses is around 15 to 40% : in addition, the "analytical" critical 
stress is systematically lower than the real critical stress (calculated by 
finite elements), which leads to a safe design. 
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AN ASYMPTOTIC LAMINATE PLATE MODEL 

R. KAIL1, F. LÉNÉ2, Y.H. DE ROECK3 

Abstract : In order to calculate the behaviour of thin structures of laminated 
composite materials, a bidimensional plate model is generated by an asymptotic 
development technique. From a structural analysis by plane finite elements at 
the middle surface, this model yields the equations leading to the computation, 
at each point of the laminated material, of the displacement and the stress 
tensor. After describing the theoretical model, numerical results are compared 
with the analytical solution of a test problem. 

keywords : plates, asymptotic development, finite elements. 

THE THEORETICAL MODEL 

For laminated composite structure calculations, the presented model must 
yield a good evaluation of certain components of the stress tensor. On the 
one hand, taking into account the transverse shear stress ensures the coupling 
between in-plane displacements and deflexion, which is due to any nonsym-
metrical stacking of layers. On the other hand, at the interfaces between ma-
terials, knowledge of not only the in-plane stress but also of the out-of-plane 
pinching or tearing stresses, permits the analysis of failure by delamination. 
Using an asymptotic development of the variables with regard to the thick-
ness of the plate, the algorithm results in satisfactory relations between the 
three-dimensional problem and the bidimensional modelling. 

1 Doctoral student IFREMER - INRIA, MODULEF, Le Chesnay, France 
2 Professor - Paris VI, Lab. Mécanique, Modélisation et Calcul, Paris 
3 Engineer - IFREMER, Svce. Structures et Ouvrages en Mer, Brest, France 
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THE THREE-DIMENSIONAL PROBLEM 

The studied domain, Ω
є

, Fig. 1, represents a thin plate in its undeformed 
state, with half-thickness e. This domain is generated by a closed surface, w, 
laying in the plane (aP, aP) as follows: 

£2 = w x [-є, +є] whose boundary әΩ
є
 = Г+ U U Г-

The stiffness matrix a is a scalar product. Each layer of £2 is supposed to 
behave in a linear elastic manner and monoclinically along the axis which 
means that the layer admits its middle plane as a plane of material symmetry. 

This last hypothesis implies that coefficients aαβγ3
 and a

a333
 = 0 vanish, Greek 

indices lying in {1,2}. Moreover, the domain is supposed to be subjected to a 

density of body forces, f , and to surface stresses on Г+, G- on Г- and 
on the Гσє part of Гє Similarly, Ωє is embedded along the part of Гє, the 
complementary part of Гoe. Finally, layers are perfectly bounded together. 

Therefore, the mechanical problem consists in finding (uє,σє) solution of 
(P ), with: 

div σ + f = 0 with <т = a £(u*) in £2 
6*C £ £ y £У £ 

(p
e
) 

гР = 0 on Г e ue 

<7 (it) — F on Г , 
6V 7 £ <7€ 

[iP] = [0-^(1? )] = T 

<r ЩЩ = G± on Г* 
e' 3' e 

along the interfaces 

where £ stands for the linearised stress tensor and "r? for the outer normal 
vector. 
This problem has a unique solution, (Duvaut, 1990). 

PASSAGE FROM THREE-DIMENSIONAL TO BIDIMENSIONAL 

In order to pass to a bidimensional analysis, a technique using an asymp-
totic development is used, with regard to the half-thickness of the plate e. 

Examples of this type of technique can be found in (Ciarlet, 1979) or 
(Destuynder, 1980). 
Firstly, the affinity 

Фє : (x1
,Щ х

з
) ® (y

1
,y

2
,у

з
) = (x1,x2,x3/є), 
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transfers the problem to the reference domain Ω = о Ф, which remains 
independent from the geometrical parameter . 
Once the stiffness a is supposed to be independent through Ф , each component 
of the loads is given a magnitude with respect to : 

Then, the solution can be developed on powers of e: 

+OO 

+oo 

THE 2D PROBLEM AND THE RELATIONS 2D-3D 

The previous developments are used in problem (P ), then, by identifying terms 
with the same power in , an iterative process yields the relations between the 
displacements of the middle surface and the displacements and the stresses 
within the body (Kail, 1991): 

with £t(n) defined at the middle surface i.e. û(n> = u(n)(j/1.
)
 У2>

 0), s > 1, A= 
a a „/a and Q „

 r
 = a „ — А „а

 c
 . Attention should focus on Q, 

ap33' 3333 ^apyS аруб ар у633 ‘ 

which is simply the stiffness matrix condensed along the direction у
з

. 
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By integrating over the thickness the equilibrium equations and the boundary 
conditions, and by using the previous relations, problem (P(n)) is given at the 
middle surface, expressed by: 

with 
membrane-membrane 

membrane-flexure 

flexure-flexure 

flexure-membrane 

where ψ(n) stands for recurrence terms in û(n 

( A ~B\ ■ This problem is demonstrated to have a unique solution, if ( 1 is 

coercitive and 
As for the development, it is of the form: 

where i^infip ,p —1,0 ШШШкШв — l,r — 2). 
•'ua’/3 ,ча’ч3 ’ a ’ 3 ' 
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Justification of these results may be found in (Kail, 1991). 
However, the following remarks hold: 

• the continuity, at the interfaces, of the displacement and of the strain 
vector is automatically verified, 

• a nonsymmetric stacking of layers produces a nonsymmetric coupling be-
tween in-plane displacements and deflexion, 

• the constitutive law of the problem (P(n)) is obtained from the coefficients 
at each layer by a rule of mixtures, 

• if first order effects only are considered, the displacement is of the Love-
Kirchhoff type, 

• for an isotropic homogeneous material, there is a decoupling leading to the 
classical equations for Love-Kirchhoff plates, 

• for a symmetrical stacking, there is a decoupling. 

SOME REMARKS ABOUT THE IMPLEMENTATION 

The model is discretised by a conforming finite elements method. The 
nonsymmetry of the linear system doubles the cost in memory requirements 

and in computing time as compared with a classical plate problem. However, 
the matrix remains independent from the order n, and once factorised by a 
Gaussian method, all terms of the development can be obtained simply by 
forward and backward substitution. 
Moreover, if all loads are supposed of the same order with respect to the half-
thickness , the terms of the development can be computed two by two, (Kail, 
1992). 

SOME NUMERICAL RESULTS 

The results presented were obtained by comparison with the analytical 
solution of the following problem (Pagano, 1969): a plate with width L = l.m 

along x, with infinite length along y, loaded by a ’’sand-hill” q = q
0
sin {^) 

in the direction of the thickness z, and simply supported along z on the edges 

x = 0 and x = L. As a function of the number of degrees of freedom of 
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the model, the ratio of the relative error is plotted, at the locations where 
the quantity studied is maximum. The laminated material here is a sandwich 
whose stacking skin-core-skin has a thickness of 2mm — 16mm — 2mm, and 
whose materials are: 

• core: syntactic foam, with coefficients (Ben Hamida, 1989): 
E - 3.04GPa and v = 0.31 

• skin: unidirectional layer made of glass fibre-epoxide, with coefficients, 
(Gay, 1987): 

E1 = 45GPa, E
t
 = 12GPa, v = 0.31, Glt = 4.5GPa and Gtt = 4.58GPa 

We implemented the reduced Hsieh-Clough-Tocher element described in 
figure 2, (Bernadou-Boisserie-Hassan, 1980). This element has three degrees of 
freedom on each node and in each direction: value and gradient. 
Fig. 4 to 6 show the convergence of this element with: 

- Fig. 4, the displacement along aP at points (0,—10mm) and (0,—8mm). 
- Fig. 5, the deflexion at the center of the plate. 
- Fig. 6, the stress σ

11
 at points (0.5m, —10mm) and (0.5m, —8mm). 

The results axe satisfactory. However, its 3rd degree interpolation does not 
yield good transverse shear stresses by a local relation and the effect of the 
superimposition of layers does not appear in the method used to approximate 
these stresses, (Kail, 1991). Moreover, the computation of the second deriva-
tives needed for the in-plane stresses is inaccurate, especially for non symmetric 
laminated material. 
For this reason, the Argyris finite element (Bernadou, 1989) is being imple-
mented. This element , described in figure 3, has 21 degrees of freedom by 
component, with a 5th degree interpolation, leading to a Cl class continuity. 
The convergence rate of both elements are compared in fig. 7 to 9. We consider 
a stacking skin-core-skin with thicknesses of 3mm-15mm-2mm, the material 
being the same as before. 

- Fig. 7, the displacement along x* at point (0, —7mm). 
- Fig. 8, the deflexion at the center of the plate. 
- Fig. 9, the stress σ11 at point (0.5m, —7mm). 

The Argyris is clearly better as far as the stress calculations are concerned. 
Moreover its interpolation will allow us to compute the transverse stresses by 
a local relation. 
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CONCLUSION 

An asymptotic development for a laminated material produces an efficient 
bidimensional computation of thin structures, while yielding the stresses at the 
critical locations of the body. A first implementation, based upon the reduced 
Hsieh-Clough-Tocher finite element, has shown the feasibility of the method 
but has given poor results regarding the stresses. The better regularity of the 
Argyris finite element seems to achieve the expected accuracy. 
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Figure 1 : The domain Ω 
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Figure 2 : The reduced Hsieh-Clought-Tocher’s element 
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Figure 3 : The element of Argyris 
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Figure 4: —*— и (0, — 10?nm) and —+— u
x

(0, —8mm) 

Figure 5: иz (0.5m, 0) 

Figure 6: —*— σ11 (0.5m,—10mm) and —|— σ11
 (0.5m, —8mm) 
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Figure 7: u
x

(0, — 7 mm) : —|— Argyris and —HCTr 

Figure 8: и (0.5m, 0) : —+— Argyris and —*— HCTr 

Figure 9: σ
11

(0.5m, —7mm) : + Argyris and —HCTr 
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A SANDWICH PLATE THEORY* 

M. MACE1 

Abstract - The objective of this paper is to present a new two-
dimensional plate theory inside which a very thin layer is sandwiched. 
Based upon a prescribed displacement field and a shear stress field 
fuffilling continuity conditions at the interfaces, this model takes into 
account the shearing strain due to the high rigidity ratio between the thick 
skins and the thin film. It is also shown how the present theory was 
assessed when calculating a rectangular sandwich plate for which Pagano 
proposed an “exact”three-dimensional solution. 

key words : composite structures, sandwich plate theory, thin layer, 
shearing strain. 

INTRODUCTION 

There are several sandwich plate theories for calculating composite 
sandwich structures. The first ones were developed for homogeneous 
plates and were later adapted to composite plates (examples: Love-
Kirchoff-Leknitskii 1987, Mindlin-Reissner-Whitney 1987, Lo-
Christensen-Wu 1977, etc). Known as "global" theories, these theories 
deal with continuous shearing strain deformations along the interfaces 
and therefore violate the conditions of interlaminar stress continuities. 
The remaining theories were originally developed for composite 
sandwich structures (Rao-Nakra 1974, Pham 1976, etc). These theories 
make various hypotheses concerning displacement and shear stress fields 
throughout the entire thickness of the plate in order to take into account 
the rigidity ratios between layers. When these theories are used to 
calculate composite structures and/or sandwiches, we get numerical 
models in which the number of degrees of freedom increases rapidly with 
the number of layers. 
A critical analysis of the various plate theories can be found in the first 
chapter of the reference work (Macé, 1991). 

* Translated from the French original. 
1 Direction des Constructions Navales de Cherbourg - BE/CN 

BP 10, F-50115 Cherbourg Naval. 
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In connection with research in the development a calculation 
method for composite structures with a thin shock absorbing layer, a new 
sandwich plate theory has been developed. The high rigidity ratio 
between the thick skins and the thin film can bring about major 
transversal shearing when the sandwich structure is subjected to bending 
stress. The presence of the thick layer may therefore have an effect on the 
rigidity of the structure. The composite plate theory presented here allows 
taking into account this phenomenon in addition to the thinness of the 
film. This theory is both very simple to use and economical. For 
example, the number of degrees or unknown functions (displacements 
and rotations) is 9 instead of the 5 used in the Mindlin theory. 

In the first part of this paper, we present a summary of the 
proposed composite sandwich plate theory. In the second part of the 
paper, we present the results of the calculations of a rectangular sandwich 
plate subjected to a normal load. To deal with this problem, Pagano 
(Pagano, 1970) proposed an exact solution for calculating the 
displacement fields and shear strain fields throughout the entire plate. 
This solution is used as a reference for validating the plate theory 
presented in static form.* 

SUMMARY OF THE PROPOSED THEORY 

Let us consider the plate shown on figure 1. This plate occupies a 
domain Cl. It is made up of two thick skins Ω+and Ω-considered as two 
laminates of constant thickness h+ and h-, A thin film Σ, is sandwiched 
between the two composite skins. We take it as a given that there is 
complete adhesion between all the layers. In addition, this plate may also 
be subjected to pressure F± on the upper and lower surfaces as well as to 
volume pressures given by f±. For the skins, we make the assumption 
that the behaviour laws of the different layers that make them up are as 
follows: 

(1) 
To study this plate, we make assumptions concerning the 

displacements and stresses within the plate. 

ASSUMPTIONS CONCERNING THE DISPLACEMENTS 

The first assumption we make concerns the displacement fields of 
the membrane. The displacement fields are assumed to be linear within 
each layer and are as follows: 
in Ω+ : 
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Ua(x1,X2,x3) = Ua(xi,X2) + x^Pa(xl>x2) (2) 

in £2" : 

иа(х1,Х2,хз) = и
а

(х1,х2) + хзР
а

(х1,Х2) (3) 

where х3 and х3 are vertical coordinates measured from the middle 

pieces of skin, u
+(x1,x2) and u-(х1,х2) are the membrane 

displacements within the middle pieces of skin, βα+(x1,x2),, βα-(x1,x2) 
are the rotations of the normals to the two thick skins and a index 

belongs to the set {1,2} . We thus assume the existence, in principle, of 
displacement discontinuities running tangentially to interface Σ+ and Σ-

that we will designate as [Uα]. As far as the vertical displacement is 

concerned, we assume that the displacement is constant within the 
thickness of the plate: 

(4) U3(x1,X2,x3) = w(x1,x2) 

The preceding assumptions are often made in sandwich plate 
theories. The following are what make the theory proposed in this article 
original. 

SHEAR STRESS IN THE THIN LAYER 

The thickness of the layer is assumed to be almost nil. It follows 
that the stress vector and, in particular, the transverse shear stress is 
continuous throughout the layer (figure 2): 

i= 1 or 2 or 3 (5) 
For the transverse shearing, we neglect the bending deformations as 
compared to the sliding deformations We do it in the following manner: 

where [uα] =Uα(Σ+)-Uα(Σ-) is the displacement discontinuity of the 

membrane where the interfaces touch the thin layer with a thickness 
designated as EPFILM. If we assume, for example, that the layer is 
orthotropic, the transverse shear stress would be written as follows: 
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a
a3

(2;) = k
a3
 [Uj (7) 

a= 1 or 2 (8) 

where Gα3 (Σ) is the thin layer's modulus of transverse elasticity. 

EQUILIBRIUM EQUATIONS 

To develop the equilibrium equations of the proposed theory, we 
developed a variational formulation by using the hypotheses and 
relationships mentioned above on the basis of the conventional variational 
formulation in displacements (Duvaut 1990). 

"Find a permissible displacement field U = (uj,uâ,w,p£,p~) such 

that whatever the value of permissible V = (vj,v~,v3,6a,8^), we come up 
with: 

JCijkhekh(U)eij(V)<to+ J c7ij(U)£ij(V)di!) =j L(V) "(9) 
film £2+ et £2' 

where L(V) 4| J F. V dr + Jf.VdQ (10) 
faces sup, inf Ω+ et Ω-

is the contribution of outside stress, є, о are respectively deformations 
and stresses throughout the entire plate Ω. The first term of the equation 
corresponds to the interior stresses throughout the entire plate. Formula 
(9) is modified by transforming the contribution of the interior stresses 
throughout the thin layer by Green's formula and with relations (4 and 
5): 

J<Ty(U)ey(V)dd = Jo
a3

 [VaJd£ (11) 
film £ 

where σα33 are the interlaminar stresses in the film given by (7) and, [vα] 

= Vα(Σ+) - Vα(Σ) is the displacement discontinuity of the membrane (a 
= 1 or 2) at the level of the interfaces. 
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We finally, obtain the following new formulation: 

"Find a permissible displacement field U such that whatever the 
value of permissible V, we obtain: 

JCakhebh(U)eïï(V)dÛ + Ja
aS

[Va]dï= L(V) "(12) 
П+ et O' £ 

The equilibrium equations which correspond to the proposed 
theory were obtained on the basis of formula (12) by writing that the 
formula remains valid for all arbitrary values of V. We finally obtain the 
following 9 equilibrium equations (the elastic coefficient indices are 
written in contracted notation). 

al-h1
 Ж Им

 + c
12

u
2 21 + Cfifi (U-I oo +uoio)]-

W-h* [C66 (u12i + и2;ц) + C12 u112 + C22 u222 ] 

c)-l± [Cll Pi,11 + C12 P2,21 + c66 (Pi,22 + Р2Д2)] • • • 

d)-\- [Сбб (Pi,21
+
 P2,ll) +

 C
12Pl,12

 + C
22p2,22] 

e) - h+ С55Ф1Д + w
>11

) - h w
>11

) -h+C44 ф2^+ w 22)... 

... - h C44 ф2)2 + w 22) = F+(xbx2) + F-(XI,X2) ( 13) 

where Е*Д§and (.) j stands for 
12 ’ dxj 
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VALIDATION OF THE PROPOSED THEORY 

To validate the proposed theory (Macé, 1991),we consider a 
rectangular composite plate in which a thin film has been sandwiched in 
the center. The plate is simply supported around the periphery (plate 
dimensions are shown on Table 1).. It is only subjected to a normal 
pressure on the upper surface. The pressure takes the following form: 

F+(x
1
,x

2
) = qosin^^-jsin^—.j (14) 

The elasticity moduli of the materials studied are shown on table 2. 
The purpose of this study is to calculate the displacement fields and 

the shear stress fields throughout the plate using the proposed theory and 
to later compare the results thus obtained with those obtained by using 
Pagano's three-dimensional method (Pagano, 1970). 

The resolution technique consists of finding the unknown functions 
(displacements, rotations) in the form of sinusoidal equations as a 
function of coordinates x1,x2 which fulfill the conditions at the limits of 
the simple support and that we insert into the equilibrium equations of the 
theory under consideration. The calculations are carried out by the 
numerical solution of a linear system in which the unknowns are the 
coefficients of the sine and cosine functions (for additional details see, 
for example, Macé, 1991, chapter 4). For the proposed plate theory, we 
obtain 9 unknowns per point (that is displacement coefficients uf ,u2,w, 

and rotations p^pf), whereas the solution by the Pagano method 
(Pagano, 1970) uses twice as many unknowns. 

Figure 3 compares the profiles of averaged membrane displacement 
U1 (at point x1 = 0 and X2 = b/2) calculated for the proposed theory by 
the Reddy theory (reminder) and, by Pagano's three-dimensional theory. 
We observed, that the proposed theory allows to accurately calculate this 
displacement component and, the assumption about the linearity of the 
displacements in the skins (the "zigzag" profile of relationships (2) and 
(3) is proven). The conclusion concerning U2 is identical: the results 
related to this conclusion are not presented in this article. 

Table 3 compares the deflections calculated in the center of the plate 
by different theories. The proposed model (Macé, 1991) shows an error 
lower than 2% in comparison to the result obtained by using the Pagano 
method. 

Figure 4 compares the profiles of averaged transverse shearing 
stress σ2з (at point x1 = a/2 and X2 =0) calculated by using different 
plate theories. The result obtained by using the proposed theory, as well 
as the results obtained by using Love-Kirchoffs theories, were obtained 
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by integrating Navier's equilibrium equations: 
σij,j = 0 ( i=l,2,3) (15) 

based on membrane stresses. We observe that constant shearing stress in 
the layer and the two skins, is accurately calculated. 

CONCLUSION - DISCUSSIONS 

A linear theory for a composite plate containing a thin layer was 
presented in this paper. This theory allows taking into account the 
transverse shearing in the film resulting from the relative sliding of the 
two thick skins upon each other. 

The results of the calculations of a composite plate show that the 
proposed method bears up in comparison to Pagano's theory. In 
addition, the proposed method is a good compromise between the 
accuracy of the calculations and the cost of the calculations (measured in 
terms of the number of unknowns in the problem). Further, it is obvious, 
that a single calculation is insufficient to validate the proposed theory. 
Therefore, other numerical tests were carried out to complete this 
validation (this was done in particular by varying the slenderness and the 
thickness of the layer by a tenth of the total thickness of the plate, the 
rigidity ratio between the skin and the layer, the position of the layer 
within the thickness, etc.). These results also confirmed the basic 
hypotheses of this sandwich plate theory. 

DUVAUT G., 1990, Mécanique des Milieux Continus, Editions Masson, chapter 5. 
LEKHNITSKII S., 1987, Anisotropic Plates, Gordon and Breach Science Publishers. 
LO, CHRISTENSEN, WU, 1977, A Higher-Order Theory of Plate Deformation, Part 
1 and Part 2, Journal of Applied Mechanics,V ol. 44, pp 663-676. 
MACE M., 1991, Modélisation de Structures Amorties par Film Viscoélastique, PhD, 
Paris 6, Université Pierre et Marie Curie, Laboratoire de Mécanique et d'Acoustique, 
Groupe Modélisation et Calculs, 17 décembre 1991. 
PAGANO N.J., 1970, Exact Solutions for Rectangular Bidirectional Composite and 
Sandwich Plates, Journal of Composite Materials, p 20. 
PHAM D.T., 1976, Théories des plaques sandwiches élastiques anisotropes, PhD, 
Université de Technologie de Compiègne. 
RAO, NAKRA, 1974, Vibrations of Unsymmetrical Sandwich Beams with 
Viscoelastic Cores, Journal Sound Vibration, Vol. 34, pp 309-326. 
WHITNEY J.M., 1987, Structural Analysis of Laminated Anisotropic Plates. 
Technomic Publishing. 
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Figure 1 . Schématisation d’une plaque composite sandwich 
Schematic diagram of composite sandwich panel. 

a b EPFILM 

h -II 
+ h

+
 

0,8 0,4 0,001 0,0095 

Tableau 1 .Dimensions de la plaque rectangulaire (en mètres) 
Table 1. Dimensions of the rectangular panel 

Peaux Skins Film 

E1=E2 E3 G12 G13=G23 V12 Vl3=V23 Ei(E) = Ei±/2000 

23620 10730 3550 4130 0,108 0,428 Gij(Σ) = Gij±/2000 

Tableau 2 . Propriétés élastiques des matériaux (Modules en MPa) 

Table 2. Elastic material properties (moduli in MPa) 

Figure 2 . Représentation des interfaces Σ+ et Σ-

Representation of the interfaces Σ+ and Σ-
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Figure 3 . Distribution du déplacement normalisé U1 dans l'épaisseur 
(s = a/h) : , Pagano ; — , théorie proposée ; , Reddy 
Distribution of displacement ū1 normalised in the thickness direction 

Table 3. Normalised deflection at the panel centre. Comparison of 
plate theories. 

Théorie 100 W
max

 ET h3/q
0 a

4 Erreur % 

Pagano (хз = 0) 1,5478 — 

Macé 1,5249 1,5 
Mindlin-Whilney (k=5/6) 0,6110 61 

Love-Kirchhoff 0,6016 61 

Tableau 3 . Flèche normalisée au centre de la plaque - Comparaison de 
théories de plaque (ET= E1(Σ) ; h=h+ + h- + EPFILM ; к = 
facteur de correction en CT selon Mindlin) 

Figure 4 . Distribution de la contrainte normalisée σ23з dans l'épaisseur 
, Pagano ; , théorie proposée ; , Ready ; 
-Love-Kirchhoff 

Distribution of stress σ23 normalised in the thickness direction 
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MECHANICAL TESTING AT THE DCN, FROM SPECIMENS TO 
STRUCTURES* 

P-А. HOARAU1 

Abstract - In order to correctly dimension surface ship hulls made of 
organic' matrix composites, the DCN carries out different kinds of 
mechanical testing : Quasi-static and dynamic. Sample size varies from 
small scale (for material selection) to large scale (for the choice of 
assembling technology between deck and hull). As often as possible, the 
DCN performs correlation studies between its experiments and existing 
numerical tools, in order to improve the accuracy of computer modelling. 

Key words : testing, sandwich structures, large scale. 

INTRODUCTION 

The anisotropy of composite materials imposes many static tests, 
dynamic testing when possible, half- or full-scale testing of hull sections 
and correlation between calculation and experiment. The aim of this 
paper is to present the test philosophy of the DCN both for materials 
selection and for dimensioning of hulls or superstructures of surface 
vessels. The choice of materials based on static testing will be discussed 
first and then the determination of data for calculation programmes. 
These tests are mechanical or physical. Qualification tests are performed 
on panels. The design of these panels is based on the solutions selected 
and they enable concepts to be validated. Tests on structures are then 
carried out, on a scale of 1/2 or 1. Finally, a correlation is made between 
calculations and tests. 

Translated from the French original 
1 Direction des Constructions Navales (DCN) Indret 
LECM, Matériaux non métalliques 44620 La Montagne, France 
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MATERIALS 

The most frequently used materials are those which cure at room 
temperature or at a maximum temperature of 120°C. The quantity used in 
the construction of the hull of a minehunter is around 160 tons for the 
type BCMT and 250 tons for the BAMO type. The ratio of cost to 
performance must be optimized. 

The most widely used cold curing resins are isophthalic 
polyesters, vinylesters and epoxies. The most common reinforcement is E 
glass. Different geometries are used, in the form of balanced fabrics, 
mats, stitched unidirectional, etc. As far as prepregs are concerned a wide 
range of epoxies is available on the market. Work is now starting on a 
new range of vinylester prepregs. 

STATIC TESTING 

The choice of these different materials has been made either by 
qualification in use, for the less recent, or by tests. The mechanical 
characteristics are necessary as well as the humid ageing behaviour and 
the response of the material to fire. 

MECHANICAL CHARACTERIZATION OF SPECIMENS. 

These tests have been described by Terrail [1]. The elements of 
the stiffness matrix are obtained as completely as possible. The values 
required are shown in Table 1. By different methods the following are 
obtained: 

- elastic moduli 
- Poissons ratios 
- failure strains 
- shear moduli 
- failure stresses. 

These experimental values allow for example, by calculation, the 
prediction of elastic moduli or shear for different loading directions. The 
most severe tests on specimens are those in shear. These allow 
delamination to be observed as a function of ageing or with respect to test 
temperature ( -40°C, 20°C and 70°C). Static mechanical characterization 
enables an initial selection to be made and the comparison of different 
materials. This must be completed by accelerated ageing tests and fire 
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resistance testing, so that materials with poor resistance to water or fire 
can be eliminated. 

QUALIFICATION TESTING OF LARGE SPECIMENS OR 
PANELS. 

The values measured on specimens are insufficient to dimension 
structures. Tests must be performed on parts of panels or on specimens 
which are more representative of structures. An example of such large 
specimens and panels may be found in the study of sandwich T-joints 
carried out for the mine hunter vessels or for the superstructure of the 
Lafayette type frigates [2]. Five types of joint were tested (fig. 1). These 
joints connect the deck to bulkheads or the deck to the hull. The 
specimens are taken from large panels as the thicknesses tested require 
large specimen dimensions. Tensile, compression and flexural tests 
enabled a joint type to be selected. Examples of the types of specimen are 
shown in figure 2. 

In order to improve results and optimise the joint, another series of 
tests was necessary, to better understand the behaviour of the chosen 
joints by varying different parameters. In this second phase only the 
flexural testing was retained. Flexural loading was considered to be more 
representative of the real loading conditions. Calculations were performed 
for these joints, deck/hull or deck/bulkhead for example. This gave the 
failure stresses. Experimental and calculated values were compared. In 
many cases calculated values were lower than measured stresses. 

The third phase of tests involved panels and the different joints 
were tested on a full scale hull section. This is intended to simulate the 
response of the ship's hull. 

For most tests, the results show a difference in behaviour for 
specimens and larger scale panels. For the example described previously 
the failure of specimens was by peel in the corner of the joint. For the 
tests on panels failure never occurred at the joint with the hull but rather 
in the structure of the panel itself, in the sandwich core. Another example 
of tests on large specimens is given by the work related to the choice of a 
thick sandwich core and the study of the bond between skin and core. A 
comparison was made between Klegecell and balsa cores. Two types of 
test were carried out ; flexure with uniformly distributed load and flexure 
with a concentrated load. 

Only the flexural test with uniformly distributed loading will be 
discussed here. The test frame is made of steel (fig. 2). It is in two parts of 
3.8m x 3.8m and the mechanical load is transferred by bolts. In the lower 
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part, where the specimen is placed, a hydrostatic pressure applies uniform 
loading. The upper part maintains the specimen in place. The deflection at 
the panel centre is measured as a function of applied hydrostatic pressure 
(figure 4). Acoustic emission is recorded during the test as the first 
emissions can indicate delamination. The deformation of the surface is 
observed as well as the core-skin debonding of the face in compression 
and the face in tension. Finally, to examine the behaviour of the skin, 
flexure specimens are taken from the central region of each panel. 

The different results obtained show that the skins generally resist 
well. A Klegecell core is heavily damaged, while damage in balsa is 
much less significant. 

TESTS ON EXPERIMENTAL CYLINDRICAL STRUCTURES. 

A cylindrical structure was built from a transverse section of the 
BAMO ("Bâtiment Antimines Océanique", or ocean-going anti-mine 
vessel). This full scale test section was subjected to various known static 
loading conditions [3]. Before each loading the structure was placed in an 
initial reference position on four coplanar supports adjustable in the 
transverse direction. The effects of the loading on the overall structure 
were of two types (table 2) : 
- effect on the whole structure : on loading the two hulls separate, lifting 
at one of the four supports. 
- local effect : distributed loading, localised loading. 

The effect of the loads on the structure is determined from measurements 
of strains and deflections. These measurements are relative and they are 
deduced from the comparison of the two states. The strains are measured 
by electrical resistance strain gauges placed on the structure. The 
displacements are measured by potentiometric stretched wire transducers 
which give the variation in the distance between two structural elements. 
Programmes have been developed for data acquisition, treatment and 
presentation of results. A correlation between measurement and 
calculations was performed for each type of loading. The main 
conclusions are that the correlations between measurement and 
calculation are satisfactory for the loading types described above, given 
accurate assumptions. This method yields interesting and exact 
information on the behaviour of the structure and enables the geometries 
to be optimised. 
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DYNAMIC TESTS 

These tests were performed on full-scale or half-scale sections or on 
panels. They are essentially comparative and, with the data from the 
previous tests, enable the DCN to select solutions. 
The tests carried out are : 
- pressure resistance of bulkheads ; the aim of this test is to determine the 
behaviour of bulkheads under hydrostatic pressure (0.22 bars and 0.44 
bars) due to the flooding of a compartment. 
- the resistance to underwater explosions ; measurements of velocity, 
acceleration and pressure are made on the sections. These tests dimension 
the structures and allow the observation of delamination on laminates and 
sandwich materials. The explosions are performed at : 

К = 0.6, 0.7, 0.8, 0.9 
- local impact behaviour ; this test simulates a severe docking. It consists 
of allowing a mass of 1150 kg to drop on the walls of sections turned on 
their sides, and varying the drop height. 
- internal fire behaviour ; a fire is started by a mixture of diesel-petrol 
inside the section. The combustion process is monitored (flame, 
smoke...), the combustion gases are analysed, and a detailed inspection is 
carried out on the section after the test. 

These empirical tests enable solutions to be validated. However, 
simulations are also performed using data from smaller specimens. 

[1] F. TERRAIL - Caractérisation mécanique statique d'un matériau 
composite monolithique pour coque de bâtiment de surface. ATMA 1990. 

[2] J. Y LE LAN, P. LIVORY, P. PARNEIX - Assemblage 
acier/composite. Application à la liaison de superstructures composites 
sur une coque métallique. 6ème Journée d'automne de l'INERN (sept 
1991). 

[3] J. GERALD, E. RAGOUT - A program for design of sandwich 
material connection in ship building. International Conference Montreal 
(juil 1990) 
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Module de 
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Contrainte à 
la rupture 
σ(MPa) 

Traction direction 
Chaîne 0° 

E11 v12 є12 σll 

Traction direction 
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E22 "21 є21 σ22 

Traction à 45° E45° "45° є45° σ45° 
Flexion 0° EF1 σF1 

Flexion 90° EF2 σF2 
Cisaillement guidé 

2 rails 
G12 Tl2 

Cisaillement guidé 
3 rails 

G12 T12 
Délaminage en 

flexion 
n 

Compression Ec 
σc 

Tableau l Eléments pour la matrice de rigidité. 
Les valeurs sont des moyennes obtenues pour 5 éprouvettes par essai ; 10 

éprouvettes sont utilisées dans le cas des essais de délaminage. 
Table 1. Elements of the stiffness matrix. 

Values are means from 5 specimens per test, except for de lamination 
tests for which 10 specimens are tested. 
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Tableau 2. Mesures de déformations sur tronçon. 
Table 2. Strain measurements on the large-scale section. 
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Assemblage Composite-Composite avec renfort d’appui en compound 

Figure 1. Deux assemblages en T 
Two T-assemblies 
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Eprouvette pour essais de compression 

Eprouvette pour essais de traction 

Eprouvette pour essais de flexion 

Figure 2. Types d’éprouvettes 
Specimen types for compression, tension and bending (from top) 
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Figure 3. Coupe du dispositif d'essai 
Section through test set-up. 

Courbe d’essais Pression en fonction de la flèche 

Figure 4. Courbes d'essais Pression en fonction de la flèche. 
Test curves of pressure v central deflection. 
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IMPROVING THE STRENGTH OF BOAT LAMINATES 

M. HILDEBRAND* 

Abstract - The material properties of over 50 different laminates made 
by a group of Finnish boat-yards have been measured in a large test 
project. Tension, compression, bending, interlaminar shear and impact 
tests have been carried out for all the laminates. Among others, different 
polyester resins, different woven and non-woven fabrics, chopped strand 
mat and unidirectional roving were used as basic ply materials. The 
effect of various parameters has been determined not only on the 
maximum failure strength, but also on the strain level at which the first 
failure occurs. Main differences between the ratio of static and impact 
test results of the different materials have been determined. The results 
show that by choosing certain material parameters efficiently, in-plane 
as well as impact strengths of basic boat laminates can be raised 
significantly. Impact testing has been developed further and a new 
impact test method for both single skin and sandwich laminates is 
proposed. 

key words: composite material, boat laminate, strength, material 
selection 

INTRODUCTION 

The basis of every structural analysis is a valid calculation method, 
knowledge of the loads and a set of material values for strength and 
stiffness, in order to determine the behaviour and the critical areas of 
the structure. 

* VTT / Technical Research Centre of Finland- Ship Laboratory 
P.O. Box 114, SF-02151 Espoo, Finland. Fax +358 0 455 0619 
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The strength values for small-craft laminates are normally 
obtained by testing. To date, no satisfactory analytical prediction method 
for the laminate strengths has been found. Most of the work involved 
with the problem of strength prediction has been done on laminates used 
in the aviation and space industries, i.e. on laminates consisting of a high 
number of thin, unidirectional plies, manufactured with the prepreg 
technique in an autoclave (e.g.. Chamis, 1984). It is obvious that the 
same methods are not appropriate when dealing with plies of WR-
reinforced polyester resin. 

Moreover, strength properties of laminates used in the small-
craft industry are difficult to predict correctly, as both production 
methods and raw materials differ from case to case. Nevertheless, the 
development of a calculation method for laminate strengths requires 
knowledge of the effects of different raw-material and manufacturing 
parameters on the laminate properties. Therefore, a research project was 
performed at VTT's Ship Laboratory together with the Finnish boat-, 
glass fibre- and polymer industries. 

Fifty different boat laminates have undergone tension, 
compression, bending, interlaminar shear and impact testing. 
Additionally, tensile tests of pure matrix specimens have been 
performed. Among the laminates, different polyester resins, various 
woven roving (WR), biaxial stitched roving, chopped strand mat (CSM) 
and unidirectional roving have been used as basic ply materials. On 
account of this test series being large, it was possible to study the effect 
of various parameters on the laminate strengths (Hildebrand & Holm 
1991). During the whole project, more than 1 500 specimens have been 
tested, (see Fig 1). A data-bank was generated, including material, 
manufacturing and test data of all the laminates. It forms a unique base 
for comparison of future tests. 

ASPECTS OF STRENGTH IN BOAT LAMINATES 

It is impossible to describe the strength of laminates with one value 
only. There is a diversity of values, all important, which together 
describe the strength behaviour of a laminate. 
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The strength of a laminate of fibre-reinforced plastics (FRP) 
depends on the loading direction, type of loading and speed of loading. 
Tension and compression strengths are usually unequal, their ratio as 
well as the ratio between tensile and in-plane shear strength depending 
on the fibre orientations, fibre material (glass, aramid, carbon), type of 
reinforcement (chopped strand mat, woven roving, unidirectional 
roving), the matrix properties and the laminate lay-up. 

The flexural strength describes the strength of the laminate 
under bending loads. Nevertheless, most standards do not take into 
account the non-uniform stiffness distribution through the thickness 
nor possible unsymmetries, which are typical of boat laminates. 
Additionally, the fact that tension and compression properties of the 
laminate are not equal is neglected. The results of flexural tests, for 
instance, are strongly dependent on the thickness of the resin layers on 
the laminates' faces. Therefore the use of flexural tests can be 
recommended only for quality assurance. It is not a suitable test when 
aiming to investigate material properties. 

The interlaminar shear (ILS) strength is a typical strength value 
for FRP-laminates. Delamination - caused by excessive ILS stresses - is 
a common failure type in boats, ILS strength thus being an important 
value. Nevertheless, the standards for determining ILS strength are 
unsatisfactory. ILS values determined from short-beam tests cannot be 
used as design values. It should be kept in mind that interlaminar crack 
propagation is, in addition to ILS strength, another significant property 
describing resistance against delamination failures. 

The appearance of the first cracks in the laminate at a strain 
level substantially smaller than break elongation- is typical in the 
behaviour of FRP. First failures are usually caused by matrix cracks 
transverse to the loading direction. These cracks cause a loss of stiffness, 
visible as a "knee" in the stress-strain curve (Figure 2). First failures can 
be detected with acoustic-emission measurement during material 
testing. It is important to evaluate the strain level, at which the first 
failures occur. The strain level of first failure is an important strength 
criterion for a structural analysis. 
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CONSIDERATIONS ON IMPACT TESTING 

The impact properties of laminates are of particular interest, as 
impact loading is critical in many areas of boats and small craft. When 
moving towards more advanced materials, impact strength usually 
becomes an even more critical issue. 

As the properties of FRP laminates are dependent on the loading 
rate, it is important to determine strength properties under loading rates 
which represent true loads. Impact properties can be determined in 
different manners, but the standard impact testing methods have 
substantial insufficiencies. Due to the unrealistic shape of impactors and 
the small size of test specimens, standard impact tests don't reflect 
typical impact situations occuring in marine structures. 

A new instrumented dropping weight impact test has been 
developped at the VTT Ship Laboratory (Kivelä 1992). It is suitable for 
single skin and sandwich laminates. The impactor is pyramid-shaped, 
reflecting an impact between an edge and the laminate. The size of the 
test specimens is 250x250mm. The test allows the determination of two 
new failure criteria: the energy absorbed by the laminate up to the point 
of losing water tightness and the resistance against damage propagation 
after penetration of the impactor (Figure 3). 

t 

The method has been succesfully applied to over 40 sandwich 
laminates and has shown to be far superior to the standard tests. The 
energy absorbed up to total penetration (losing water tightness) and 
resistance against damage propagation can be clearly seen from the test 
results. 

RAW-MATERIAL PARAMETERS INFLUENCING STRENGTH 

FIBRE CURVATURE (CRIMP) 

It is well known that the amount, direction and material of the 
fibres have a strong influence on the strength of laminates. In contrast, 
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the effect of other material parameters on the laminate strength has not 
been determined sufficiently, especially not for boat laminates with 
relatively thick plies of reinforcement (0.5-lmm). 

Fibre curvature (crimp), Figure 4, has a strong influence on the 
tensile and compressive strength. It is often mentioned in the literature 
(Engineering materials handbook 1987, Handbook of composites 1989) 
that the strength of woven reinforcement is dependent on the kind of 
weaving type (plain, twill, satin). It is important to note that in woven 
roving (WR) reinforcements, fibre curvature does not necessarily depend 
on the weaving type. A satin-type WR has not necessarily smaller fibre 
curvature than a plain-type WR. Fibre curvature in the weft and warp 
directions of many products is also different. 

The effect of fibre curvature on the tensile and compressive 
strength has been deduced from a number of symmetrical laminates 
containing 2 plies of WR (weights between 450 and 680g/m2), Figure 5, 
and between them as well as in the faces of one ply of CSM (450g/m2). 

The strength of the CSM plies has been calculated using the 
strength data of CSM laminates made by the same manufacturer under 
the same conditions using the same resin and mat. As a consequence, the 
following results can only be used for WR plies lying between plies of 
CSM. 

F/b(l ply WR) = (1) 

The results have further been calculated for 600g/m2 area-
weight and equal amount of fibres in the warp and weft directions. 

WR TJ n 600 50 (2) F/b(l ply WR 600 (50/50)) = F/b(lply WR)’ —• — 

It should be noted that many woven roving products have 
different fibre curvatures in the warp and weft directions. 
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It is interesting to note the relationship between the strength of 
WR and biaxial stitched roving plies. The biaxial stitched roving has a 
higher tensile strength, corresponding to a fibre curvature angle of about 
2°. 

The following relationship has been deduced for the tensile 
strength of one ply of WR, with 600g/m2 weight and equal amount of 
fibres in the warp and weft directions, orthophtalic polyester resin, 
matrix break elongation around 2%, Figure 6. Fibre content in the 
laminates has been around 27±3vol.-%, fibre curvature between 2.5° 
and 6°. 

(3) F/btens. = 231-11,7-0 

The corresponding relationship for the compressive strength has 
been calculated with the same methods taking into account the 
compressive strength data for CSM laminates. 

(4) F/bCOmp. = 29129,4-П 

MATRIX BREAK ELONGATION 

The effect of the matrix break elongation on the tensile strength 
has been deduced from a number of laminates containing 5 plies of CSM 
(450g/m2 weight, emulsion binder) but with different resins, Figure 7. In 
order to determine the matrix break elongation, pure matrix specimens, 
made by the same manufacturer under the same conditions as the 
laminates, have been tested in tension. Fibre content of the laminates 
has been 20±3vol.-%. In order to minimize the influence of slightly 
varying fibre content, the specific strength values (strength per specific 
weight) have been used to compare the data. 

The effect of matrix break elongation on the strain level at which first 
failure occurs has been determined from the symmetric WR/CSM 
laminates, Table 1. 
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In the WB/CSM laminates, the matrix quality has a strong effect 
on the strain level at which first failure occurs. First failure occurs in the 
WR plies transversly to the loading direction. 

The effect of matrix break elongation on the tensile strength of 
WR/CSM laminates is obvious. Nevertheless, with the results of the 
present test series it was not possible to quantify it. It would have 
required a number of laminates made with exactly the same 
reinforcements, but different resins. 

RESIN TYPE 

The effect of the resin type (orthophthalic - isophthalic polyester) on the 
impact strength is significant, particularly in CSM laminates. The 
specific impact strength (impact strength per area-weight) of CSM 
laminates with different resin types but the same matrix break 
elongation is compared in figure 8. 

Resins that result in high tensile strength values have a tendency to 
decrease the impact strength. For further investigations, appropriate 
impact tests of pure matrix specimens should be performed. 

CONCLUSIONS 

The effect of various parameters on the strength values of different 
laminates has been studied using the results of a comprehensive test 
series. 

The scatter of strength values between similar laminates is to a 
high degree a result of differences in the raw materials used. With an 
efficient choice of certain parameters during the selection of raw 
materials, strength values can be raised by about 20 - 30%, in some cases 
by even 40%. This increase is possible without turning to more expensive 
materials or production methods. 

Improving strength values of the laminates, the structural 
weight and the material consumption can be minimized. Choosing raw 
materials efficiently, it is often possible to decrease raw-material and 
manufacturing costs at the same time. 
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SYMBOLS 

О 
F/btens. 

F/b(l ply WR) 

F/b(WR/CSM) 
F/b(CSM) 
emax(WR/CSM) 
emax(CSM) 

fibre angle representing curvature (crimp) [degrees] 
force per unit width at break in tension [N/mm] 

force per unit width at break of one ply of WR[N/mm] 
force per unit width at break of a WR/CSM lamin. [N/mm] 
force per unit width at break of a CSM laminate[N/mm] 
break elongation of a WR/CSM laminate [%] 

break elongation of a CSM laminate [%] 

F/b(1ply WR600(50/50))force Per unit width at break of one ply of WR calcula 

ted to the area-weight of 600g/m2 and equal 
amount of fibres in the warp and weft directions[N/mm] 

area weight of the reinforcement [g/m2] 
amount of fibres in warp- resp. weft direction [%] 

force per unit width at break in compression [N/mm] 

q 

Si 
F/bcomp. 
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Figure 1. Eprouvettes avant et après essais. 
Specimens for the different tests before and after testing. 

Figure 2. Courbe contrainte-déformation pour stratifié partiellement 
tissé. Le premier endommagement entraîne une perte de rigidité 

("genou") 
Typical stress-strain curve of a laminate containing partially woven 
roving. First damage results in a visible stiffness reduction ("knee"). 
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Figure 3. Essai de choc instrumenté avec un impacteur à forme 
pyramide, (à gauche). Force et énergie v déplacement d'impacteur 

pour un composite sandwich (à droite). 
Instrumental impact testing method using a pyramid-shaped 

impactor (left). Force and energy versus displacement for a sandwich 
laminate (right). 

Figure 4. Angle de fibre Ω, pour quantifier la courbure des fibres. 
Fibre angle Ωas a measure of fibre curvature. 

—Woven roving 450 - 680 gr/m2 

—— Chopped strand mat 450 gr/m2 

Figure 5. Empilement de stratifiés WR/CSM. 
Lay-up of the WR/CSM laminates. 

Figure 6. L'influence de la courbure des fibres sur la resistance en 
traction d'un pli de WR. 

The effect of fibre curvature (crimp) on the tensile strength of one ply 
ofWR. 
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Figure 7. L'influence de l'allongement à la rupture de la matrice sur la 
résistance spécifique en traction de stratifiés CSM. 

The influence of the matrix break elongation on the specific tensile 
strength of CSM laminates. 

Tableau 1. L'influence de l'allongement à la rupture de la matrice sur 
la déformation qui correspond à la première rupture. 

The effect of matrix break elongation on the strain level at which first 
failure occurs. 

Resin type Matrix break elongation Strain level of first failure 
Orthophtalic polyester 2 % 0.2 % 

Isophtalic polyester 2 % 0.3 % 
Isophtalic polyester 3 % 0.4 % 

Figure 8. L'influence de la résine sur la résistance spécifique au choc 
de stratifiés CSM. 

The effect of resin type on the specific impact strength of CSM 
laminates. 
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EXPERIMENTAL AND THEORETICAL EVALUATION OF 
GRP SUPERSTRUCTURE PANEL BEHAVIOUR 

R. DAMONTE1, R. IACCARINOl, G. PUCCINI 1, E. RIZZUTO2, 
R. TEDESCHI2 

Abstract - Composite materials represent for shipbuilding industries a 
possible way to improve the competitiveness of products, particularly in 
the field of high technology vessels where high strength and stiffness to 
weight ratios allow increased payload capacity to be obtained, improved 
performances and lower propulsion costs. In fact with these materials the 
designer can obtain considerable saving in structural weights, easier 
production and assembly techniques for complex shapes structures, and 
better long term performances of the structures when exposed to the 
marine environment. Unfortunately potentially wide application of 
F.R.P. structures is restrained by a general lack of knowledge on the 
mechanical and physical behaviour of these structures. In this context the 
development of theoretical and experimental investigation is of utmost 
importance for the definition of structural design and analysis procedures 
that allow to be exploited all the potential benefits deriving from the use 
of these materials. In this paper a part of the numerical and the 
experimental activities, aimed at studying the behaviour of composite 
panels to be employed in ship superstructures, is described. 

Key words : ship superstructure, sandwich panel, numerical evaluation, 
experimental evaluation. 

INTRODUCTION 

The current crisis of the European shipbuilding industry has posed the 
problem of searching for new technologies and materials that allow 
quality to be improved and production costs reduced. 

In large passengers and merchant ships a potential intervention is 
represented by the application of composite structural components for 
superstructures [1,2]. In passenger ships for example there is a dramatic 
need to reduce the weight. 

1 CETENA S.P.A., Structural Department 
2 UNIVERSITA di GENOVA /Naval Architecture Institute -Structural 
laЬ 
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Recent analysis [3] on a possible application of FRP onboard ships 
revealed cruise vessels being the most attractive application field; in fact 
about 15000 of structural vertical panels could be applied in the 
medium term and 30000 m2 of deck panels could be applied with the 
successful development of further research. Another interesting 
application is related to merchant ships; in this area about 2500 m2 of 
vertical structural panels have been found applicable at least from a 
technical point of view. The corresponding weights are respectively 550, 
1600 and 160 tonnes and the expected weight reduction is about 50%. 

In spite of the advantages offered, the possibility to introduce 
composite materials in large ship construction, both merchant and naval, 
strictly depends on the development of activities both theoretical and 
experimental that lead to a better knowledge of the behaviour of 
structures based on these materials and then to an optimum design. 

In this paper a part of the activities, aimed at studying the behaviour of 
ship superstructure composite panels, and at setting up design techniques 
developed in the context of the BRITE/EURAM Project "Composite 
MAterials for marine STructures and components - COMAST" [4] is 
described. 

DESCRIPTION OF THE STRUCTURES INVESTIGATED 

The panel investigated was designed for a superstructure vertical 
bulkhead of a large merchant ship (fig. 1); this panel is composed of two 
5 mm flat skins with an internal symmetric omega core with a thickness 
of 2.5 mm and a height of 60 mm. Both the skins and the corrugation are 
made of glass reinforced plastic (G.R.P.); the reinforcement is composed 
of 500 g/m2 balanced woven tape and 225 g/m2 mat manufactured by 
VETROTEX, the matrix is the DSM 871 polyester resin. Lamination of 
the skins and core was performed using the hand lay up technique in an 
open mould and at room temperature. The different parts were laminated 
separately and bonded together in a closed mould; adhesion was achieved 
with the same resin used in the lamination and the cure was performed at 
room temperature. Simple loading conditions were considered in the 
investigation in order to collect data about collapse mechanisms and 
failure modes of the proposed structure; in plane compression, lateral 
uniform load and in-plane shear were the selected load conditions. In this 
context the first two loading conditions are concerned. 
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NUMERICAL ANALYSIS 

F. E.(finite elements) calculations have been performed on the selected 
structure, in order to obtain an estimation of the behaviour and of the 
collapse loads for the two load cases considered [5]. 

As regards the mechanical properties of the material in its lamination 
plane (E1, E2, V12, G12), these have been obtained by experimental 
tests on specimens. To evaluate the remaining out-of-plane constants, it 
has been necessary to make some simplified assumptions by applying a 
micro- mechanical approach [6,7]. 

The following values have been assumed for the F.E. analysis 
(MARC CODE [8]): 

E3 = 5283 MPa 
V13 = V23 = 0.308 
G13 = G32 11590 MPa 

E1= E2 = 10470 MPa 
V12 =0.196 
G12 =2290 MPa 

COMPRESSION LOAD 

In figure 2 the finite element model of one quarter of the structure 
(representing a 2800 mm long, 1050 mm wide and 70 mm thick panel), 
comprising the clamping structure, is shown. In principle the panel is 
hinged at its ends, but the actual experimental behaviour of the hinges is 
not clearly known, so the calculation has been performed for two 
different boundary conditions imposed at the ends of the clamping 
structures: condition no. 1, corresponding to a hinged panel; condition 
no. 2, corresponding to a clamped panel. For each of the two conditions, 
a linear elastic buckling calculation and a non-linear elastic-plastic 
analysis have been performed, taking into account the geometrical defects 
in terms of the different measured thicknesses of the skins. As previously 
mentioned, the loading condition is an in plane load applied on the panel 
by a steel bar to simulate the device used for the experimental test. The 
deformed shapes of the structure for the two previously mentioned 
conditions, corresponding to the first elastic buckling mode are shown in 
figure 3; the elastic buckling values are: 14840 daN (hinged condition) 
and 36860 daN (clamped condition). The results of the non linear 
analyses in terms of displacement and strain vs. applied load are reported 
in the fig. 7 and 8, where a comparison with tests is performed. 

UNIFORM PRESSURE LOAD 

In order to simulate the behaviour of the panel simply supported at 
its short edges and submitted to an uniform pressure load, three different 
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finite element models have been tested. The first one is a 3D model 
representing one quarter of the panel, the second one is a 2D model 
having the same stiffness characteristics as the actual structure and the 
third one is a strip representing half a corrugation. A linear elastic 
calculation has been performed and, for the examined load and boundary 
conditions, the three models gave results which are correlated well. 

For this reason the third model, shown in figure 4, which needs 
less computing time, was chosen. On this model a linear elastic buckling 
calculation and a non-linear elastic-plastic analysis have been performed. 
The deformed shape of the structure, corresponding to the first elastic 
buckling mode is shown in figure 5; the elastic buckling value is 0.29 
bar. The results of the non linear analysis in terms of out-of-plane 
displacement vs. applied load are reported in fig. 15, where a comparison 
with tests is performed. 

EXPERIMENTAL ACTIVITIES 

COMPRESSION TESTS 

The test arrangement is shown in fig. 6 [9]. The panels (2800mm x 
1050mm) have been tested in a vertical plane: they are clamped along 
their shorter edges in the throat of two vertical C-shaped clamping 
structures. One of these structures is hinged to a fixed support, while the 
other one is hinged to a bearing slide, which is in turn rigidly connected 
with a jack (max. load: 39250 daN) acting horizontally. Between the jack 
and the slide a load cell is interposed for the load measurement. Strain 
gauges are placed in different longitudinal positions of the outer surfaces: 
at the mid length section and in four positions symmetrical with respect to 
the mid length. A displacement transducer is placed on the moving 
support in order to measure the length reduction of the panel in the 
longitudinal direction. During the test of the first panel, the panel was 
supposed to be hinged at the edges: actually, the hinges were somehow 
forced during the positioning of the panel and were not free to rotate. 
Until the buckling occurred the panel behaved as it was clamped: after 
buckling a sudden rotation took place, causing the collapse of the panel. 

In fig. 7 the average strains on both the surfaces of the panel at mid 
length are shown versus the applied load: a buckling load of 35900 daN. 
was observed. In fig. 8 the results in terms of axial displacements are 
reported. Panel 2 was placed more carefully, and the hinges worked 
correctly during the test: the relevant behaviour is shown in fig. 9, 
showing a buckling load of 16300 daN. In both cases the two faces of 
the panel were loaded following a linear behaviour, but an increasing 
distance is shown between the two curves, due to some geometrical 
asymmetries of the section and/or of the load-applying structure. To 
investigate this aspect, the panel was unthreaded from the clamping 
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structures, rotated in order to invert the two sides, re-positioned in the 
loading structure and then tested again: the panel buckled the same side as 
in the previous test, with a very similar strain-load curve: that allows us 
to conclude that the asymmetric behaviour is due to the panel geometry 
and not to the test arrangement. The buckling tests of panel 2 were not 
destructive, so the panel was tested again in a clamped configuration 
obtained by blocking the hinges. That was done in order to compare the 
results with those of the first panel. 

The results are presented in fig. 10, where the average strain vs. load 
curve is shown in the two different situations of panel 2 (hinged and 
clamped) with the two different buckling loads. The clamped 
configuration of panel 2 is then compared with the curve relevant to panel 
1, showing a good correlation (fig. 11): that confirms that panel 1 was 
actually tested in a clamped situation. 

BENDING TESTS 

The bending test was intended to reproduce a uniform hydrostatic load 
on a flat panel simply supported on two edges (fig. 12) [10]. The 
prototype, represented by a 2800x2400x75 mm panel, is kept parallel to 
the floor of the laboratory by a steel frame structure designed to perform 
the simple support boundary condition at the short edges (the longer ones 
are maintained free) and to create a closed box between the panel and the 
floor. Inside this box a nylon pressure bag was placed; this bag was 
fitted with two valves (inlet and outlet) and a pressure gauge connected 
with the acquisition equipment; the uniformly distributed load was 
obtained by filling the bag with water. During the tests, the strain levels 
were measured by means of suitable gauges placed on both the skins and 
on the internal corrugation; in plane and out of plane displacements were 
monitored respectively along the length and in the two short edges by 
using large-travel displacement transducers. Loads were applied 
incrementally; three cycles of load for each panel were performed: the 
first up to the 40 % of the expected collapse load, the second up to the 60 
% and the third up to the collapse load. The displacement values in the 
most interesting measuring points were plotted in real time in order to 
control the actual behaviour of the prototype during the test. 

Two different behaviour were experienced during the two tests: 

panel 1 was loaded up to 0.18 bar, at this value the debonding of the 
compressed skin at the one-third of the length and the consequent 
collapse of the corrugated stiffeners along a transversal line were 
observed; the corresponding maximum deflection at mid span was about 
80 mm, 

panel 2 was loaded up to 0.33 bar, at this value the debonding of the 
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compressed skin at the mid-length of the panel and the consequent 
collapse of the corrugated stiffeners along a transversal line were 
observed; the corresponding maximum deflection at mid span was about 
150 mm. 

A first consideration of these results is that in spite of the similar 
global behaviour, the two different collapse loads imply differences in the 
local failure starting modes that were not observed. As the collapse is due 
to a local instability of the skin and the successive debonding of the skin 
from the corrugation, the different longitudinal position where this 
phenomenon appears shows that the most probable reason for the 
different collapse values is due to the presence of some defect in the 
assembly of the panel 1. The response of the two panels in terms of 
displacements shows a linear behaviour and the slopes of the load 
displacement curves relevant to the two tests were approximately the 
same. The load-displacement curves recorded during the tests are 
reported in fig. 13. An analysis of the strain distribution (fig. 14) both in 
the skins and in the core reveals an experimental behaviour very close to 
that expected theoretically. As will be explained in the next chapter the 
numerical results are correlated well with the experimental results for 
panel 2 (fig. 15). 

CONCLUSION 

The comparison presented in figures 7, 8 and 15 shows a general 
good correlation between numerical and experimental results, both in 
terms of displacements and strains. On the basis of these results some 
considerations can be put forward. 

Elastic buckling values estimate the measured collapse loads well, and 
this is of particular importance for composite materials, characterised by 
low elastic modulus and consequently by a greater sensitivity to 
instability phenomena than conventional high modulus materials [11, 
12]. 

This means that sophisticated non linear analysis could not always be 
necessary, but it represents the only way to investigate the failure 
mechanism and to understand the actual collapse modes and loads. 

In fact, composite structures are often characterized by local failure 
phenomena that can influence in a considerable way the global behaviour 
of the structure; the execution of tests on large prototypes is extremely 
useful for the understanding of these phenomena and for the assessment 
of design procedure based on numerical analysis techniques. 

The development of research programs aimed at improving the 
knowledge of structural behaviour of composite structures will contribute 
to optimize design procedures in order to enhance the advantages offered 
by the use of these materials. 
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Figure 1. Application de panneaux GRP 
dans la superstructure de grands 
navires. 
Example of application of GRP 
panels in large ship superstruc-
tures. 

Figure 2. Compression : modélisation par éléments finis 
Compression : FE Model. 

Figure 3. Compression : 1re mode de flambage. 
Compression . first buckling model. 

Figure 4. Pression répartie : modélisation par elements finis 
Uniform pressure : FE Model. 
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Figure 5. Pression répartie : 1ère mode de flambage. 
Uniform pressure : first buckling mode 

Figure 6. Montage d'essai de compression 
Compression test arrangement. 

Figure 7. Panneau de compression no. 1 - Comparaison des données 
expérimentales et numériques (déformations). 

Compression panel no. 1 - Comparison of experimental and numerical 
data (strains). 
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Figure 8. Panneau de compression no. 1 - Comparaison des données 
expérimentales et numériques (déplacements). 

Compression panel no. 1 - Comparison of experimental and numerical 
data (displacements). 

Figure 9. Panneau de compression no. 2. déformations moyennes 
Compression panel no. 2 - average strains. 

Figure 10. Essais de compression - comparaison des déformations 
moyennes. 

Compression tests - comparison of average strains. 
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Figure 11. Essais de compression - comparaison des résultats de panneau 
1 et 2 (bords fixes) 

Compression tests - comparison of panel 1 and 2 (clamped edges). 

Figure 12. Essai de flexion, montage. 
Bending test - arrangement. 

Figure 13. Essai de flexion - déplacements moyens. 
Bending test - average displacements. 
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SECTION AT 1400 mm 

Figure 14. Essai de flexion - déformations moyennes à mi-longueur 
Bending test - average strains at mid-length. 

Figure 15. Essai de flexion - Comparaison des données expérimentales et 
numériques (déplacements). 

Bending test - Comparison of experimental and numerical data 
(displacements). 
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PRESSURE LOAD TESTING OF FRP PANELS FOR MARINE 
STRUCTURES 

R. P. REICHARD1 

Abstract - Traditional testing of FRP sandwich panels using uniaxial loading 

provides useful data for structural designers, but these tests do not work well for 
multiaxially reinforced laminates or for sandwich laminates. Sandwich laminates are 
generally used to increase the flexural properties of a panel. Flexural testing of 
sandwich beams does not address panel membrane effects, which can be significant. 

As a result, a number of different methods have been developed for testing panels. 
Experiments with multiaxial FRP sandwich panels have been conducted to evaluate 

the behavior of panel laminates with various fiber orientations and core materials 
under both static pressure loading and hydrodynamic shock loading. The test 
apparatus and methods are described, and the results of several experiments are 
summarized in this paper. 

INTRODUCTION 

There are many loads which must be considered when designing a boat 
structure, however the dominant loads are highly localized in nature. Since these 

loads are applied to a small area of the structure, and the location of the loads is 
highly variable, design of the hull structure is critical, particularly for FRP sandwich 

composites. There are two major obstacles to widespread acceptance and use of 
sandwich composite materials. The first is the lack of applicable,analytical methods. 

Naval architects rely on beam analysis techniques to predict flexural response of 

panels. The reliance on beam data and beam models has proven to be acceptable for 

isotropic materials, but serious problems are encountered when attempting to apply 

these methods to multi-axial FRP and FRP sandwich laminates. The predicted or 

measured deflections from beam models or tests are significantly higher than those 
which would occur for a pressure loaded panel, particularly those with significant 
amounts of bias (+45,-45) reinforcing [1], or with a resilient core material. The 

magnitude of the discrepancy varies with the fiber orientations in the laminate and 

the properties of the core material, therefore beam models and test data can not be 

used to select the optimum laminate for the panel. Shear stress levels in the core 

material of sandwich beams are much higher than those found in the core of 
sandwich panels. As a result, the flexural response of a sandwich beam is more 
dependent on core properties than the flexural response of a sandwich panel. 

1Structural Composites, Inc., Florida, USA 
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Also, when a sandwich panel is modeled as a beam, the membrane effect of the FRP 
skins is ignored. This can be a very important factor for sandwich panels constructed 
with resilient core materials (such as the low density foams which are popular in the 
small craft industry) and thin skins. Finite element models can be used to calculate 
panel deflections for various laminates and frame combinations for worst case loads 
[2,3], but the accuracy of these predictions is highly dependent on test data for the 
laminates. The finite element models predict the failure of panels constructed using 
high modulus core materials reasonably well, but they can not predict failure for 
panels with a resilient core. 

The second major obstacle to wider acceptance and use of sandwich 
composites is a lack of experimental data on the response of sandwich panels to 
pressure loads. Most of the data presently available were generated using ASTM C 
393, a one-dimensional flexural test for sandwich beams [4]. This assumes that the 
hull panel can be accurately modeled as a beam, thus ignoring the membrane effect 
of the hull panel, which is particularly important in sandwich panels [5]. This test 
also causes much higher compressive stresses in the core under the applied load, 
which can lead to premature failure for sandwich laminates with thin skins or low 
compressive modulus core materials [6]. 

The basic problem is that there is no standard set of tests for the marine 
industry. Other major industries, such as the aerospace and automotive industries, 
have spent considerable effort to develop tests which are appropriate to the loads, 
structures, and materials used in the industry. The marine industry has successfully 
borrowed many of these tests developed by other industries, but this dependence on 
tests from other industries has also led to many problems. The marine industry needs 
to evaluate the tests currently in use to determine which are appropriate, and to 
develop new tests as necessary to provide designers with adequate information. The 
research presented here addresses static and dynamic pressure loads on sandwich 
panels, which is one of the areas where no adequate test presently exists. 

Riley and Isley [7] addressed these issues by using a new procedure. They 
pressure loaded sandwich panels which were clamped to a rigid frame. Different 
panel aspect ratios (length/width) were investigated for both biaxial (0,90) and 
double bias (+45,-45) sandwich laminates. The results showed that double bias 
laminates were favored for aspect ratios less than 2, while biaxial laminates were 
favored for aspect ratios greater than 3. Finite element models of these tests 
indicated similar results, however the magnitude of the deflections and the pressure 
at failure were quite different. This was probably due to the method of fastening the 
edge of the panel. Modeling the edge fastening as fixed (no deflections or rotations) 
resulted in predicted deflections which were too low, while modeling the edge 
fastening as pinned (allowing only rotation about the edge) resulted in deflection 
predictions which were too high, thus the actual boundary condition for the test 
would be difficult, if not impossible, to determine and model accurately. The 
method of clamping the panel edges probably caused localized stress concentrations, 
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which could lead to premature panel failure. Thus, this pioneering experiment, while 
yielding important results, needed to be improved. 

The basic concept of pressure loading the test panel is sound, however the 
edges or boundary conditions need to be treated more realistically. In an actual hull, 
a continuous outer skin is supported by longitudinal and transverse framing, which 
defines the hull panels. The appropriate boundary condition is one which reflects the 
continuous nature of the hull shell, while providing for the added stiffness and 
strength of the frames. A test procedure involving pressure loading of a three panel 
structure (a continuous panel supported by four evenly spaced frames) was 
developed in Switzerland [8]. Experiments using this approach yielded important 
results, however the size of the test panel makes the test very expensive. 

METHODS 

A different approach to pressure loading panels is to test a panel and frame 
combination with only one frame bay (Figure 1). Restraining only the panel frames 
and allowing the panel to extend past the frames by an appropriate amount can 
approximate the continuous nature of the hull shell and reduce the stress levels at the 
panel edges, thus minimizing premature failure due to panel edge stress 
concentrations (Figure 2). Apparatus for testing hull panels using this concept has 
been designed and constructed [9]. The test apparatus consists of a water bladder for 
pressurizing the panel, a box to contain the sides and bottom of the water bladder 
(the test panel forms the top of the box), and framing to restrain the test panel 
(Figure 3). The hull shell test panel is pressure loaded on the bottom by inflating the 
water bladder. The pressurization system can be operated either manually or under 
computer control, for quasi-static pressure loading to failure or for pressure cycling 
to study fatigue. 

A similar concept has been developed to investigate hydrodynamic shock 
behavior of panels [10]. The test apparatus consists of a water bladder contained on 
the sides and the bottom by a rigid box. The panel to be tested forms the top of the 
box and a steel impact platform is placed on top of the panel frame. A weight is 
dropped on the impact platform, which drives the panel into the surface of the water 
bladder (Figure 4). 

RESULTS 

Several experiments have been conducted using the panel test apparatus 
described above. Static pressure load and hydrodynamic shock load testing of 
sandwich 'panels with multiaxial FRP skins has been conducted to evaluate the 
behavior of panel laminates with various fiber orientations and core materials. 
Fatigue of panels from cyclic pressure loading experiments are in progress. 
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FIBER ORIENTATION VERSUS PANEL ASPECT RATIO 

FRP sandwich panels were constructed using four different skin laminates 
(Table 1) and were tested at three different aspect ratios (1:1, 2:1, 3.5:1) [9]. The 
panels were all constructed using stitch-bonded E-glass fabrics, vinylester resin, and 
cross-linked PVC foam core (Table 2). Frames and stringers were fabricated from 
standard fir lumber. The panels were mounted in the test apparatus and slowly 
pressure loaded (approximately 7 KPa per minute) until failure, with panel 
displacements measured at the center of the panel. The deflection at the center of 
each test panel was measured at 7 KPa increments to a maximum of 112 KPa. This 
data is presented for the 1:1 aspect ratio panels in Figure 5, and the 3.5:1 aspect ratio 
panels in Figure 6. All of the panels display a linear elastic region between 20 and 
55 KPa, however plastic deformation and a tendency to creep were noticed above 70 
KPa for all panels. The tests were modeled using MSC/NASTRAN finite element 
modeling computer software. Model predictions of center panel deflection at 70 KPa 
were made and compared with the test results (Figure 7). The results for panels with 
a 1:1 aspect ratio agree with the conclusions of Riley and Isley [7] that double bias 
panels are the stiffest for this aspect ratio. However, for aspect ratios above 2:1, 
triaxial panels are the stiffest since they exhibit the lowest deflection. 

THE EFFECTS OF CORE MATERIAL ON PANEL STIFFNESS AND 
STRENGTH 

FRP sandwich panels with different core materials were subjected to static 
pressure loading [11,12]. Seven different core materials, two core thicknesses and 
two skin thicknesses were investigated (Table 3). The panels were all constructed 
using stitch-bonded triaxial E-glass fabric and polyester resin over the various core 
materials. Frames and stringers were fabricated from standard fir lumber. The panels 
were mounted in the test apparatus and slowly pressure loaded (approximately 7 
KPa per minute) until failure, with panel displacements measured at the center of the 
panel. The deflection at the center of each test panel was measured at 7 KPa 
increments to a maximum of 112 KPa. The dial gages were then removed and the 
panel was loaded either to failure or to 175 KPa, the maximum working pressure of 
the test apparatus. 

The stiffness of each panel was calculated as the slope of the linear portion 
of the load deflection curve. The relative stiffnesses and strengths of the test panels 
are presented in Figures 8 and 9. Sandwich beam test specimens were prepared with 
the same laminate configurations as the panels and tested according to ASTM C 
393. The results are presented as the slope of the load deflection curve and the 
maximum load toallow direct comparison with the panel data. The relative stiffness 
and maximum loads are presented in Figures 10 and 11, respectively. Comparison of 
the sandwich beam test data with the sandwich panel test data yields interesting 
results. The stiffness of the beams varies considerably between the various core 
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materials, while the panel stiffness is similar for all the foam core panels, with the 
balsa core panel slightly stiffer than the foam core panels. The balsa core beam is as 
much as five times stronger than the foam cored beams, while the panel test 
strengths are very similar for all the core materials, except for R-75 which is slightly 
lower in strength. Thus, there is a significant difference in the relative stiffness and 
strength characteristics between the FRP sandwich beams and the FRP sandwich 
panels. 

Additional tests were carried out with some of the core materials to 
investigate theeffects of doubling the skin thickness or doubling the core thickness. 
H-60, H-80 and R-75 were the only core materials tested with double (25 mm) core 
thickness. The relative stiffness of all the test panels is presented in Figure 12. It is 
interesting to note that all of the double skin panels are stiffer than the single skin 
panels, and that the double core thickness panels are stiffer than the double skin 
thickness panels of like core material. Figure 13 presents the strength comparison 
for the three sets of panels. The strengthsof all the doubled panels exceeded the 175 
KPa maximum of the test apparatus, except for the double skin R-75 test panel. 

Comparison of sandwich beam test data with sandwich panel test data 
clearly shows a significant difference between the behavior of FRP sandwich beams 
and panels, particularly for panels with resilient core material. Thus it is clear that 
the use of FRP sandwich beam test data is inappropriate for pressure loaded panels 
such as those found in boat hulls. 

THE EFFECTS OF CORE MATERIAL ON HYDRODYNAMIC SHOCK 
BEHAVIOR 

The hydrodynamic shock behavior of several different core materials was 
evaluated using the hydrodynamic shock test apparatus [10,13]. Panels measuring 
81 cm wide by 157 cm long were constructed using triaxial E-glass skins and 
vinylester resin over the different core materials (Tables 5 and 6). The panels were 
first tested in the elastic range using the static pressure panel tester to determine 
panel stiffness, then the panels were subjected to shock loading in the hydrodynamic 
shock tester, and finally retested in the static pressure panel tester to determine the 
loss of stiffness due to impact damage. Six different panels were subjected to a 
shock caused by dropping a 90 kg weight 4.5 m onto the panel impact platform. All 
the panels were impacted at the same energy level, however the peak pressure on the 
panel and the acceleration of the center of the panel are functions of the panel 
stiffness. The stiffer panels have higher center panel accelerations (Table 7) and 
peak pressure loads, thus they might be expected to sustain more damage. The 
stiffness, in terms of center panel deflection per unit of pressure, was determined for 
each panel before and after the shock. The results are presented in Table 8, together 
with failure modes. It is interesting to note that although there is some damage to all 
of the panels, the damage has little effect on panel stiffness, except for the H-80 
panel. This panel had little or no noticeable damage after the first drop, but showed 
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catastrophic damage after the second drop, therefore some damage must have 
occurred during the first drop. 

THE EFFECTS OF CORE BEDDING ON HYDRODYNAMIC SHOCK 
BEHAVIOR 

The hydrodynamic shock behavior of several different core bedding 
methods was evaluated using the hydrodynamic shock test apparatus [10,14]. Panels 
measuring 81cm wide by 157 cm long were constructed using triaxial E-glass skins 
and vinylester resin over 12 mm thick H-100, 100 kg/m3 cross-linked PVC core, 
using three different methods of bedding the core: 1) no core bedding material; 2) 
chopped strand mat with laminating resin; 3) continuous thermoplastic polyester 
fiber mat with laminating resin. A fourth panel with two layers of triax in each skin, 
but no core bedding, was also constructed to investigate the effects of panel stiffness 
(Tables 9 and 10). The panels were first tested in the elastic range using the static 
pressure panel tester to determine panel stiffness, then the panels were subjected to 
shock loading in the hydrodynamic shock tester, and finally retested in the static 
pressure panel tester to determine the loss of stiffness due to impact damage. Four 
different panels were subjected to shocks caused by dropping a 90 kg weight 3, 4.5 
and 6 m onto the panel impact platform. The stiffness, in tenns of center panel 
deflection per unit of pressure, was determined for each panel before and after each 
shock. The results are presented in Table 11. 

The panel with no core bedding (panel A) failed at a drop height of 3 m, as 
shown by the increased compliance (decreased stiffness), thus it was not tested at 
the other two drop heights. The panel with chopped strand mat core bedding (panel 
B) and the panel with two layers of triax and no core bedding (panel D) both failed 
at a drop height of 4.5m, as shown by the increased compliance (decreased 
stiffness), thus they were not tested at the 6 m drop height. The panel with the 
polyester mat core bed (panel C) was not pressure tested after the 4.5 m drop test, 
since there was no visual evidence of failure. It did fail during the 6 m drop, 
however, as shown by the increased compliance. 

All the panels were impacted at the same energy level, however the peak 
pressure on the panel and the acceleration of the center of the panel are functions of 
the panel stiffness, thus the stiffer panels have higher center panel accelerations and 
peak pressure loads. Panel A, with single layer triax skins and no core bedding, had 
the lowest stiffness of all the panels and failed at the lowest drop height. Panel D, 
with double layer triax skins and no core bedding, had the highest stiffness of all the 
panels. This panel survived the 3 m drop, but failed at the 4.5 m drop height. Thus 
the stiffer panel was able to absorb more impact energy before failing. Panel B, with 
chopped strand mat bedding, was not as stiff as Panel D before impact, but was 
stiffer after the 4.5 m drop, indicating that it suffered less damage. Visual inspection 
of the failure patterns indicated that the chopped strand mat interrupted the cracking 
of the skin/core bond sporadically. The integrity of the skin/core bond is an 
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important factor in the flexural stiffness of sandwich panels, thus this probably 
accounts for the improved retention of stiffness. 

CONCLUSIONS 

Specific conclusions of the experiments discussed here are: 

1) Uniaxial testing of multiaxial FRP laminates does not yield the information 
required for optimum design of panels. 
2) Double bias (+45,-45) is better than biax (0,90), quasi-isotropic (0,90,+45,-45) 
and triax (90,+45,-45) for pressure loaded panels with an aspect ratio of 1:1. 
3) Triax (90,+45,-45) is better than biax (0,90), quasi-isotropic (0,90,+45,-45) and 
double bias (+45,-45) for pressure loaded panels with an aspect ratio of 2:1 or larger. 
4) FRP sandwich beam test data and theory do not relate well to the design of FRP 
sandwich hull panels. 
5) The membrane effect of the skins is an important part of the strength and stiffness 
of pressure loaded panels. 
6) Stiffness and strength of pressure loaded panels are more dependent on skin and 
core thickness than on core material properties. 
7) Finite element models can be used to predict stiffness of sandwich panels, but the 
mechanical properties of the materials should be checked by comparison of FEM 
predictions with pressure loaded panel test data. 
8) Finite element models can be used to predict the strength of sandwich panels with 
high modulus core materials, but the strength of sandwich panels with resilient core 
materials can at present only be adequately determined by pressure testing the panel 
to failure. 
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Figure 1. Panneau sandwich, cadre, pression et points d'appui. 
Schematic of the pressure loaded sandwich panel and frame system, 

the applied pressure load, and the restraining points. 

Figure 2. Moments de flexion, cisaillement pour un panneau sandwich 
sollicité sous pression répartie. Schematic of bending moments and 

shear force for frame supported sandwich 
panel subjected to uniform pressure loading. 

Figure 3. Schéma de l'appareil de test de pression répartie. Schematic 
diagram of the pressure test apparatus. 

Figure 4. Schéma du montage de choc hydrodynamique. Schematic 
diagram of the hydrodynamic shock test apparatus. 
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figure 5. Deflexion au centre en fonction de la pression pour panneaux 30 cm x 30 cm. 
Cercle fermé, quasi isotrope, cercle ouvert biaxial, carré fermé double bias, carré ouvert triaxial. 

Center panel deflection as a function of pressure load for the 30 ст х ЗО cm panels. Solid circle is the 
quasi isotropic panel, open circle is the biaxial panel, solid square is the double bias panel, 

and the open square is the triaxial panel. 

figure 6. Deflexion au centre en fonction de la pression pour panneaux 107 cm x 30 cm. Cercle fermé, 
quasi isotrope, cercle ouvert biaxial, carré fermé double bias, carré ouvert triaxial. 

Center panel deflection as a function of pressure load for the 107 ст х З0 cm panels. Solid circle is the 
quasi isotropic panel, open circle is the biaxial panel, solid square is the double bias panel, 

and the open square is the triaxial panel. 

figure 7. comparaison des deflexions mesurées avec predictions d elements finis pour pression de 70 кРа 
Barre à gauche éléments finis, barre à droite essais. 

Comparison of test panel deflections and finite element model predictions of center panel deflection 
at 70 kPa pressure load. The left bar is the FEM prediction and the right bar is the panel test data. 
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Figure 8. Rigidité relative de panneaux sandwich avec 7 différentes âmes. La rigidité est 
la pente de la partie linéaire de la courbe charge-déflexion enregistrée pendant l'essai de 

pression. 
Relative stiffness for GRP sandwich panels constructed with seven different core mate-

rials. The stiffness is considered to be the slope of the linear portion of the load-
deflexion curve 

obtained during pressure testing of the panel. 

Figure 9. Résistance à la rupture relative de panneaux sandwich avec 7 différentes âmes. 
La résistance est la pression de rupture dans un essai de pression. Une valeur de 100 % 

indique qu'il n'y avait pas de rupture à la pression max. de 175 kPa. 
Relative ultimate strength for GRP Sandwich panels constructed with seven different 

core materials. The ultimate strength is considered to be the pressure at which the panel 
failed during pressure testing ot the panel. A relative ultimate strength of 100 percent 

indicates that the panel did not fail at the maximum test pressure of 174 kPa. 

Figure 10. Rigidité relative de panneaux sandwich avec 7 différentes âmes. La rigidité 
est la pente de la partie linéaire de la courbe charge-déflexion enregistrée pendant l'esai 

de flexion (ASTM C 393). 
Relative stiffness for GRP sandwich beams constructed with seven different core mate-

rials. The stiffness is considered to be the slope of the load-deflexion curve obtained 
from flexural testing (ASTM C 393). 

Figure 11. Résistance à la rupture relative de panneaux sandwich avec 7 différentes 
âmes. La résistance est la pression de rupture dans un essai de flexion (ASTM C 393). 
Relative ultimate strength for GRP sandwich beams constructed with seven different 
core materials. The ultimate strength is considered to be the maximum load obtained 

from flexural testing (ASTM C 393). 
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Airex H-60 H-80 Н-100 R-75 R-100 Balsa 
Figure 12. La rigidité est la pente de la partie linéaire de la courbe charge-déflection enregistrée pendant l'essai 
de pression. La première colonne est pour une couche de tissu, la deuxième pour deux couches de chaque côté 
d'une âme de 12 mm. La troisième colonne est pour une couche de tissu de chaque côté d'une âme de 25 mm. 
The stiffness is considered to be the slope of the load-deflection curve obtained during pressure testing of the 

panels. The first column in each core group is for one layer of fabric and the second is for two layers of fabric 
on each side of the 12 mm thick core. The third column is for one layer 

of fabric on each side of 25 mm thick core. 

Airex H-60 H-80 H-100 R-75 R-100 Balsa 
Figure 13. La résistance est la pression de rupture dans un essai de pression (175 KPa maximum). 

La première colonne est pour une couche de tissu, la deuxième pour deux couches de chaque côté d'une âme de 
12 mm. La troisième colonne est pour une couche de tissu de chaque côté d'une âme de 25 mm. 

The ultimate strength is the pressure at which the panel failed during the pressure test (175 KPa maximum). 
The first column in each core group is for one layer of fabric and the second is for two layers of fabric 

on each side of 12 mm thick core. The third column is for one layer of fabric on each side of 25 mm thick core. 

Tableau 1 Description de panneaux testés. 
Test panel description. 

Skin Laminate 

Quasi-Isotropic (0,90,+45,-45) 
Biaxial (0,90,0,90) 
Double Bias (+45,-45,+45,-45) 
Triaxial (90,+45,-45) 

Quasi-Isotropic (0,90,+45,-45) 
Double Bias (+45,-45,+45,-45) 

Quasi-Isotropic (0,90,+45,-45) 
Biaxial (0,90,0,90) 
Double Bias (+45,-45,+45,-45) 
Triaxial (90,+45,-45) 

Core Total Framed 
Material Size Size 

(cm) (cm) 

PVC Foam 53x53 30x30 
PVC Foam 53x53 30x30 
PVC Foam 53x53 30x30 
PVC Foam 53x53 30x30 

PVC Foam 94x53 60x30 
PVC Foam 94x53 60x30 

PVC Foam 141x53 107x30 
PVC Foam 141x53 107x30 
PVC Foam 141x53 107x30 
PVC Foam 141x53 107x30 
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Resin - CoRezyn 8110, vinylester resin supplied by Interplastic Corp. 

Fabric - NEMP 170, 570 gm (+45,-45) double bias non-woven E-glass 
NEWF 180, 600 gm (0,90) biaxial non-woven E-glass . 
NEFMP 340, 1130 gm (90,+45,-45) triaxial non-woven E-glass 

supplied by Advanced Textiles Inc. 

Core - H-80, 12 mm scored 80 kg/m3 cross-linked PVC foam 
supplied by Barracuda Technologies Inc. 

Tableau 2. Matériaux 
Test Panel Materials 

Core Skin Total Framed 
Core Thickness Laminate Size Size 

(mm) (cm) (cm) 
Airex 12 (90,+45,-45) 81x157 51x127 
H-60 12 (90,+45,-45) 81x157 51x127 
H-80 12 (90,+45,-45) 81x157 51x127 
H-100 12 (90,+45,-45) 81x157 51x127 
R-75 12 (90,+45,-45) 81x157 51x127 
R-100 12 (90,+45,-45) 81x157 51x127 
AL-600 12 (90,+45,-45) 81x157 51x127 

Airex 12 2x(90,+45,-45) 81x157 51x127 
H-60 12 2x(90,+45,-45) 81x157 51x127 
H-80 12 2x(90,+45,-45) 81x157 51x127 
H-100 12 2x(90,+45,-45) 81x157 51x127 
R-75 12 2x(90,+45,-45) 81x157 51x127 
R-100 12 2x(90,+45,-45) 81x157 51x127 
AL-600 12 2x(90,+45,-45) 81x157 51x127 

H-60 25 (90,+45,-45) 81x157 51x127 
H-80 25 (90,+45,-45) 81x157 51x127 
R-75 25 (90,+45, -45) 81x157 51x127 

Tableau 3. Description de panneaux testés. 
Table 3. Test Panel Description 

CORE MATERIALS 

Trade Name Material Type Supplier 

Airex 
H-60 
H-80 
H-100 
R-75 
R-100 
AL-600 

Linear PVC foam 
Cross-linked PVC foam 
cross-linked PVC foam 
cross-linked PVC foam 
cross-linked PVC foam 
cross-linked PVC foam 
coated end-grain balsa 

Airex AG 
Barracuda Technologies Inc. 
Barracuda Technologies Inc. 
Barracuda Technologies Inc. 
Klegecell/Polimex Inc. 
Klegecell/Polimex Inc. 
Baltek Corp. Inc. 

FABRIC - DDB-222, 733 gm/m2 (90,+45,-45) triaxial non-woven 
E-glass supplied by Hexcel Inc. 

RESIN - A-100 polyester resin supplied by Ashland Chemical Corp. 

Tableau 4. Matériaux 
Table 4. Test Panel Materials 
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Tableau 5. Description des panneaux 
Table 5. Test panel description 

Core Skin Total 
Core Thickness Laminate Size 

(mm) (cm) 

Airex 12 (90,+45,-45,csm) 81x157 
AL-600 12 (90,+45,-45,csm) 81x157 
H-80 12 (90,+45,-45,csm) 81x157 
H-100 12 (90,+45,-45,csm) 81x157 
R-100 12 (90,+45,-45,csm) 81x157 

Tableau 6. Matériaux 
Table 6. Test Panel Materials 

CORE MATERIALS T 

Trade Name Material Type Supplier 

Airex Linear PVC foam Airex AG 
AL-600 Coated end-grain balsa Baltek Corp. Inc. 
H-80 Cross-linked PVC foam Barracuda Technologies In 
H-100 Cross-linked PVC foam Barracuda Technologies In 
R-100 Cross-linked PVC foam Klegecell/Polimex Inc. 

FABRIC - DDB-222, 730 gm/m2 (90.+45.-45) triaxial non-wove 
E-glass supplied by Hexcel Inc. 

RESIN - CoRezyn 8100, vinylester resin supplied by 
Interplastic Corp. 

Tableau 7. Accélération max. au centre du panneau (en g) 
Table 7. Center Panel Peak Acceleration (g's) 

Framed Core Drop Height (m) 
Size Material 3.0 4.5 
(cm) 

Airex 350 350 
51x127 Balsa 700 1500 
51x127 H-80 550 625 
51x127 H-100 400 750 
51x127 R-100 500 ND 
51x127 

ableau 8. Compliance du panneau avant et après choc 
(déflexion/pression) 

Table 8. Pre- and Post-Shock Panel Compliance 
(Center Panel Deflection/Pressure) 

Compliance (mm/MPa) 
Core Drop Height (m) 
Material 0.0 3.0 4.5 

Airex 859 852 752 
Balsa 313 302 *** 
H-80 372 560 1139 
H-100 339 365 464 
R-100 365 468 778 

NJ 
4^ 
4^ 



Tableau 9. Description de panneaux 
Table 9. Test Panel Description 
Core Skin Total Framed 

Core Thickness Laminate Size Size 
(mm) (cm) (cm) 

A H-100 12 (90,+45,-45) 81x157 51x127 
В H-100 12 (90,+45,-45,csm) 81x157 51x127 
С H-100 12 (90,+45,-45,Tsp) 81x157 51x127 
D H-100 12 2x(90,+45,-45) 81x157 51x127 

Tableau 10. Matériaux 
Table 10. Test Panel Materials 

CORE BEDDING 

450 gm/m2 chopped strand mat supplied by Owens Corning Inc. 
Trevira Stoprint, continuous thermoplastic polyester fiber mat supplied 

by Hoechst Celanese Corp. 

CORE MATERIAL 

H-100,100 kg/m3 cross-linked PVC foam supplied by Barracuda Technologies Inc. 

FABRIC 

DDB-222, 730 gm/m2 (90,+45,-45) triaxial non-woven E-glass 
supplied by Hexcel Inc. 

RESIN 
CoRezyn 8100, vinylester resin supplied by Interplastic Corp. 

Tableau 11. Compliance du panneau avant et après choc 
(déflexion/pression) 

Table 11. Pre- and Post-Shock Panel Compliance 
(Center Panel Deflection/Pressure) 

Compliance (mm/MPa) 
Drop Height (m) 

Panel 0.0 3.0 4.5 6.0 

A 461 520 *** 

В 339 365 464 *** 

C 291 291 ND 424 
D 276 295 509 *** 

*** No test due to previous failure 
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TESTING THE EFFECTIVENESS OF TOUGH RESIN 
SYSTEMS FOR IMPROVING STRUCTURAL 
PERFORMANCE OF JOINTS IN GRP SHIPS 

L. S. NORWOOD*& C CAULIER ** 

Abstract - A major concern in any composite structure is its ability to 
resist peel and shear loading; this becomes a more difficult problem 
where long delays in laminating have occurred or when dissimilar 
materials are joined together. In the case of mine countermeasure 
vessels, adhesion between stiffener and hull becomes critical when the 
ship is subjected to underwater shock loading. In order to reduce 
costs and improve the hull-stiffener bond, tough resin systems based 
on urethane acrylates have been developed to replace the mechanical 
crack-stopping system currently employed. This paper describes the 
benefits of urethane acrylates in the frame-hull application discussing 
the level of improvement over the mechanical system. 

Key words : joint, stiffener, bonding, urethane acrylate, adhesive 

INTRODUCTION 

Fibre reinforced plastic is established as a major material for 
the construction of boats. Its advantages have been extolled on 
numerous occasions but what especially made it attractive for use in 
the construction of large, naval vessels was its non-magnetic 
properties. The use of glass fibre reinforced plastic in the construction 
of mine countermeasure vessels (MCMV) moved the use of reinforced 
plastics from boat construction to the verge of ship construction. 

In the UK a single skin MCMV construction was favoured 
using foam cored fibre reinforced top-hat stiffeners to achieve the 
overall hull stiffness. Conventionally, stiffeners are fabricated by wet 
lay-up over pre-shaped foam core onto the main hull laminate which 
may have been made several weeks earlier. Hence, surface treatment 
prior to stiffener lamination is essential to achieve secondary bonding 
with bond strengths approaching the interlaminar shear strength of the 
reinforced plastic. 

* Scott Bader Co Ltd, Wollaston, Wellingborough, Northants, UK. 
** Scott Bader SA, 65 Rue Sully, 80044 Amiens Cedex, France. 
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Since minesweeper structures have to resist shock loads it is 
essential that stiffener and hull remain intact. Unfortunately, tests 
showed a tendency for hull and stiffener to part under critical shock 
loading conditions; this was overcome by bolting stiffener flanges to 
the hull shell (1,2) with expensive non magnetic titanium bolts which 
were labour intensive to fit. 

In this paper systems used to reduce the cost of stiffener- hull 
arrangement, but at the same time improving the bond performance, 
are reviewed with particular emphasis on the use and benefits of tough 
urethane acrylate resins for this application. 

EXPERIMENTAL DETAIL 

Testing arrangement. 

Top hat stiffeners representative of those used in production 
were constructed (see Fig. 1) and tested in a variety of ways (3). The 
most severe loading condition was achieved using centre clamping 
with distributed frame loading as shown in Fig. 2. The results 
achieved from this type of test confirmed the results of the finite stress 
analysis carried out for transverse loaded stiffener frames. 

The bottom clamp was a mild steel bar of cross section 50mm 
x 50mm and the load was applied, by a 125mm wide loading shackle, 
at the top of the stiffener. 

Interface details. 

The following hull stiffener interfacial secondary bond 
arrangements were investigated: 

: Standard polyester resin only with woven roving glass 
(unmodified construction). 

: Standard polyester resin with titanium bolts. 
: Standard polyester resin with stainless steel screws. 
: Stitched cloth with polyester resin. 
: Stitched cloth with acrylic matrix. 
: Woven roving with chopped strand mat using polyester 
resin. 

: Thin web and flange with a two-part elastomer modified acrylic 
system. 
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: Thin web and flange with acrylic impregnated chopped strand mat. 
: Thin web and flange using a urethane acrylate to wet-out the woven 

roving reinforcement around the bond line. 
: Standard polyester resin and lay-up, with a filled urethane acrylate 
fillet 

between the top-hat and the main laminate (see Fig. 3). 
: Reinforced urethane-acrylate layers around the bondline plus a filled 

urethane-acrylate fillet. 

RESULTS & DISCUSSION 

The effect of clamping mode. 

The clamping mode has a significant effect on the failure 
process of the top hat specimens (3). The centre clamped loading 
mode was a relatively simple test, which probably more closely 
simulated the worst shock loading conditions, likely to be encountered 
in service, than the other loading modes. The load was applied via the 
top hat flange with the base panel acting as two cantilevers. Bending 
in the side-webs of the stiffeners was minimal with the load 
concentrated at the centre of the top-hat. High stress concentrations 
were set up under the heel of the side web and failure occurred at a 
low load by peeling along the secondary bond line. 

The slow pull-off test using the centre clamped loading mode 
showed the most representative damage patterns of shock load 
damage in the unreinforced specimens and bolted flange specimens, 
where comparison between the test specimen failures and mine shock-
wave damaged full scale specimen failures exhibited separation of the 
unreinforced stiffener frames from the 'hull', in the non-bolted 
specimens, and cracks in the secondary bond line arrested at through 
bolts, in the bolted flange specimens. 

Control specimens. 

The first five specimens described in the section, Interface 
Details', were considered to be possible conventional arrangements 
and details of failure, using the centre clamp test method, are given in 
Fig. 4. 

The unmodified construction exhibited no visible damage at 
the secondary bondline prior to catastrophic failure by complete 
separation of one stiffener flange from the base panel along the 
secondary bond line. 
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The specimen incorporating a stitched cloth-polyester resin 
lay-up in the secondary bondline region exhibited a linear load-
displacement curve with a load to failure 15% higher than the 
unmodified construction. Failure was again catastrophic in the 
secondary bond line. 

The construction incorporating a stitched cloth-acrylic lay-up 
in the secondary bondline region cracked, at the heel of the stiffener 
web at 20kN, not in the secondary bond line but in the base panel 
laminate. The material continued to hold load beyond 30kN until the 
crack in the base panel grew in both directions allowing one stiffener 
flange to lift, inducing partial failure in the secondary bondline remote 
from the acrylic matrix region and eventually resulting in catastrophic 
failure within the acrylic based material as well. 

The specimens reinforced with titanium bolts began to crack at 
22kN with secondary bondline failure from the heel of the stiffener 
web to the bolt arrester. As the load increased a similar crack 
occurred in the other flange. Eventually the crack grew around the 
bolt and the bolt head/nut started to pull through the laminate. 
Eventually cracks appeared in the corners of the top hat with 
catastrophic failure as the nut and washer pulled through the stiffener 
flange. 

The total work done, to failure, by the bolted specimens was 
considerably higher than for the other control systems. 

The stiffness of the stiffener web/flange comer played an 
important part in determining the stress distribution across the 
secondary bondline and defining the failure sequence. 

The tough acrylic matrix increased the secondary bondline 
strength and the load for bondline crack initiation by allowing 
redistribution of stresses away from regions of stress concentration but 
still could not meet the performance of the bolted structure. Similarly, 
the use of low cost stainless steel screws did not perform as well as 
the titanium bolts and further work was undertaken in an attempt to 
find a low cost solution with similar performance to the bolted system. 

Alternative secondary bondlines. 

As a result of the earlier work where the acrylic matrix showed 
promise as a means of increasing secondary bondline properties, more 
emphasis was put on methods of improving the interface without the 
need for mechanical fixing. 
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The use of chopped strand mat (CSM) reinforcement with 
polyester resin at the bondline did not improve secondary bonding 
between the woven roving laminates. In fact the load to bondline 
failure was 20% lower than the unmodified control structure (see 
Fig.5). As the load increased failure was progressive through the 
CSM layer. 

The use of a two-part elastomer modified acrylic matrix at the 
bondline, although reducing the stiffness withstood loads of 19kN 
before initial crack damage (see Fig. 5). Cracks started in the 
bondline and slowly, rather than catastrophically, opened up as the 
displacement increased until one of the flanges totally separated from 
the base laminate. 

On close examination of the failure surface it was noted that the 
polyester resin- first layer of woven roving bond had failed and that 
the acrylic matrix was still bonded to the polyester resin in the bond 
line. 

The use of acrylic impregnated CSM in the bondline gave 
inferior performance compared with the use of the acrylic matrix 
alone. 

An alternative matrix to the acrylic system was also examined 
in some detail because of ease of use compared with the acrylic 
material in that it had been formulated as a laminating resin. Initially 
this matrix, a styrene crosslinked urethane acrylate resin, was used in 
the last few layers of the main laminate, with woven roving glass, and 
the first few layers of the stiffener laminate such that the bondline was 
urethane acrylate and the adjacent laminate contained urethane 
acrylate to glass bonding. On centre clamp testing significant increase 
in the linear load region of the curve, up to 31kN, was found (see 
Fig.5) compared with most other systems. Some surface cracking 
occurred in the base panel and failure occurred with partial separation 
of one flange, partial load recovery and then failure of the second 
flange bondline. The main failure was in the secondary bondline with 
web/flange comers exhibiting cracking. 

The use of urethane acrylate resulted in the need for three 
times the work input to initiate a crack compared with the standard 
unmodified structure. There were also benefits of reduced web 
bending stresses as the tensile stress concentration under the 
web/flange heel was lower and the urethane acrylate resin at the 
secondary bondline had the capability of extending more than a rigid 
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polyester bond line, i.e. it had the ability to store more elastic energy 
resulting in a higher work input. 

The urethane acrylate matrix itself has the ability to sustain 
strains to failure in excess of 100% and the ability to resist crack 
propagation. 

The titanium bolt reinforced specimens required only half the 
work for gross damage initiation compared with the urethane acrylate 
base specimens thus the urethane acrylate provided a cheaper, more 
effective construction. 

Urethane acrylate matrices in MCMV's 

The encouraging results on the use of urethane acrylate resin 
for secondary bondline improvement between hull and stiffeners was 
extended to optimise cost performance aspects of the design. 

Specimens were tested with reduced numbers of WR plies 
containing urethane acrylate resin and the introduction of a flexible 
fillet, based on thixotropic urethane acrylate resin, at the heel of the 
web (see Fig.3). The presence of a fillet significantly improved the 
performance of the bondline (see Fig.5) but fillet design was not a 
major contributor to the overall performance of the bondline. 

Various combinations of fillet and urethane acrylate based 
plies, adjacent to the bondline, are shown in Fig.6 together with the 
system incorporating only a urethane acrylate fillet in an otherwise 
unmodified polyester based structure. Although this system required 
less than half the work to cause failure compared with specimens 
containing urethane acrylate based plies plus a fillet, it approached the 
total energy performance of the titanium bolted system (see Fig.7) but 
absorbed considerably more energy than the titanium bolted system to 
initial damage. Obviously, the introduction of tough urethane acrylate 
resin fillets changed the mode of failure of top hat stiffened structures 
compared with the traditional bolted structures. 

The fillet only system out performed the unmodified system 
both in the level of load to initial damage and the energy absorbed 
during failure (see Fig.7). 

Application of urethane acrylate fillets. 
It is essential that the fillet material is applied accurately and 

consistently between the pre-formed foam former and the hull of the 
MCMV. Current construction requires 1 litre of urethane acrylate per 
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metre length of the stiffener and is applied by pneumatic cartridge 
guns. A dynamic mixing head system was chosen with the re-usable 
cartridge gun system to give high output rates for gun back filling (4). 

TOUGH RESINS FOR FOAM CORE BONDING 

The use of urethane acrylates for bonding between the foam 
former, hull and top hat stiffener web generated interest in its use as a 
possible bonding agent for foam cored reinforced plastic sandwich 
structures. 

Specimens were manufactured using a 250 kg/m3 density 
closed cell PVC foam with; 

1. CSM polyester skins applied with no bonding agent 

2. A paste urethane acrylate bonding agent between the foam and 
the reinforced plastic skins 

3. A low viscosity urethane acrylate laminating resin used to 
laminate the first layer of glass on either side of the foam core prior to 
laminating with polyester resin. 

Although the urethane acrylate paste system sustained higher 
failure loads than the material with no bonding agent between the 
foam and the skins, it still exhibited a level of cohesive failure which 
eventually resulted in foam failure. 

In the case of the system using low viscosity urethane acrylate 
resin at the interface, failure occurred by complete delamination of the 
reinforced plastic skin, i.e. the load distribution remained uniform 
over the bond surface until the weakest part of the system failed. In 
this case the transverse tensile strength of the glassfibre reinforced 
polyester resin skin was lower than the strength of the foam and the 
interfacial bond. 

As a result of this work the bond strength of low viscosity 
urethane acrylate to PVC foam core and reinforced plastic was 
determined to be in excess of 5.5 MPa. 
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CONCLUSIONS 

: Tough resins successfully inhibit crack formation in critical 
areas of structures, for example at the heel of the web/flange in top hat 
stiffener sections. 

: The work necessary to fail toughened resin top hat sections is 
similar to that necessary to destroy bolted constructions but the work 
input to initiate cracks is considerably higher in the toughened resin 
structure. 

: The use of toughened resin plies in the critical area, in 
conjunction with a toughened resin fillet at the heel of the top hat 
section, outperfonn other configurations of the section. 

: Toughened resin systems improve the performance of foam 
core reinforced plastic interfaces to a level where the bondline has 
higher shear properties than the substrates. 
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Figure 1. Raidisseur 
Typical top hat stiffener 

Figure 2. Sollicitation de raidisseur par le centre. 
Centre clamp loading mode 

Figure 3. Raidisseur avec garniture d'uréthane acrylate. 
Top hat stiffener with urethane acrylate fillet 
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Figure 4. Essai de sollicitation de raidisseur par le centre. 
Centre clamp top hat pull off tests. 

Figure 5.Essai de sollicitation de raidisseur par le centre. 
Centre clamp top hat pull off tests. 

Figure 6. Essai de sollicitation de raidisseur par le centre, avec différent 
conditions d'interface. 

Centre clamp top hat pull off tests with different bondline conditions. 

Figure 7. Essai de sollicitation de raidisseur par le centre, comparaison 
d'interfaces standard, avec uréthane acrylate.. 

Centre clamp top hat pull off tests, comparing standard bondlines with 
the adopted urethane acrylate system.. 
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MICROBUCKLING AND STRENGTH IN LONG FIBER 
COMPOSITES: THEORY AND EXPERIMENTS 

G.FERRON1, C. GARDIN1, J-C.GRANDIDIER1, 
M.POTIER-FERRY1 

Abstract - An original flexion-compression device designed for 
investigating the elastic behaviour in compression is presented, and the 
effect of the loading mode on the characteristics of failure is then 
described. Results on glass-epoxy resin unidirectional composites and 
laminates are discussed. In the literature the failure of laminated in 
compression is often ascribed to a mechanism of fiber microbuckling. To 
discuss the quality of these models, a periodic array of stiff and soft 
layers is analysed by an asymptotic method. The results are compared 
with those in the literature and with experimental observations. 

key words : compression, microbuckling, experiment, asymptotic 
expansion. 

INTRODUCTION 

The mechanical performance of long fiber composite materials and 
structures has been significantly improved in recent years. These 
advances are the result of a better understanding of their behaviour, 
together with an increase in the mechanical properties of the basic 
products and improvements in manufacturing techniques. For instance, 
the tensile stiffness of graphite fibers was about 150 GPa when they 
were put on the market, and it may attain 500 GPa at this time. Their 
tensile strength has also been increased. The effect of these 
improvements on the tensile properties of laminates is manifest. This is 
not true, at least to the same extent, with regard to their behaviour in 
compression.. 

1L.P.M.M. - U.R.A. C.N.R.S. 1215 
Institut Supérieur de Génie Mécanique et Productique 
Ile du Saulcy, F-57045 Metz Cedex 01 
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EXPERIMENTAL APPROACH 

THE PURE COMPRESSION AND PURE FLEXION EXPERIMENTS 

Two main kinds of tests are usually performed to estimate the 
compressive behaviour of composites: compression tests and pure 
flexion tests. In spite of the difficulties which are inherent in the 
compression tests, it seems well established that both the stiffness and 
the strength of long fiber composites are lower in compression than in 
tension. For instance, Stevanovic and Nesic (1987) using the Celanese 
test (ASTM D3410), measured on T300/108 graphite/epoxy resin 
unidirectional composites a stress at failure equal to 1225 MPa in 
compression. This value is to be compared with that obtained in tension, 
1562 MPa. They also noted a decrease in stiffness during compressive 
loading, with a value of Young's modulus of 112 GPa for 0.3% strain 
instead of 139 GPa in tension. Recently, a sophisticated four points 
flexion device was set up by Vittecoq (1991)(see also Allix, 1988). The 
laminates tested were made of T300/914 and IM6/914 graphite/epoxy 
resin pre-impregnated tapes. The evolution, as a function of the bending 
moment, of the strains measured on the two faces under tension and 
under compression shows that the tensile behaviour is almost linear and 
that the compressive behaviour is non-linear. The loss of stiffness 
observed in compression starts from the onset of loading, and steadily 
increases during the test. This behaviour is macroscopically elastic and 
the non-linear response of the laminates depends on the stacking 
sequence of the plies and on the type of fibers utilized. When comparing 
pure flexion and compression tests, Vittecoq (1991) also observed that 
the stresses at failure are lower, but that the corresponding strains are 
higher in flexion than in compression. 

THE FLEXION-COMPRESSION EXPERIMENTS 

An original device has been set up to analyse the behaviour of 
composites under conditions of combined bending and compressive 
loading. This mechanism was designed in particular to investigate the 
structure effects relating both to the loading mode and to the stacking 
sequence of the laminate. The requirements imposed on the design of the 
device are as follows: 

- The flexion-compression loading of the specimen should be 
obtained by a conventional testing machine; 

- Different configurations corresponding to different ratios of 
bending moment M to compressive load N should be easily workable 
without complicated handling. In particular, the specimen geometry and 
the connecting parts between the specimen and the mechanism should be 
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the same for all configurations; 
- For a given configuration, the (M/N)-ratio in the central cross-

section of the specimen should remain almost constant during the test. 
A schematic view of the experimental arrangement is shown on 

figures 1, 2 and 3. The mechanism consists of two cantilever beams 
connected to the tensile testing machine, and of four arms joining the 
cantilever beams to the connecting parts which transmit the efforts to the 
specimen. The position of the axis imposes the ratio between the bending 
moment and axial load. Three arrangements were adopted. They 
correspond to three values of the (M/N)-ratio in the center of the 
specimen: -18mm (figure 1) ; -0,5mm (figure 2) and -1mm(figure 3). 
The stress distribution in the thickness of the central cross-section of a 
3mm thick specimen is also shown on these figures for a linear elastic 
behaviour of the material. 

EXPERIMENTAL RESULTS 

The behaviour of glass-epoxy resin specimens was investigated 
with the flexion-compression device. The stacking sequences of the 
specimens were unidirectional (UD) and laminated [90/0/90/0/90] s and 
[0/90/0/90/0]s. For the UD specimen and for all the laminates tested 
under conditions of quasi-pure flexion (M/N=-18mm) the tensile and 
compressive strains measured on the lower and upper faces are almost 
equal. These results tend to demonstrate that these composites exhibit the 
same elastic linear behaviour both in tension and in compression. A 
series of loadings and unloadings was also performed on a UD 
specimen. The behaviour is macroscopically elastic up to strains as large 
as 2 per cent. It may be concluded to a good approximation that the 
glass-epoxy resin UD specimens exhibit a linear elastic behaviour under 
compressive loading in the fiber direction. It is thus reasonable to 
suggest that the non-linear behaviour observed in compression with 
graphite-epoxy resin laminates should be ascribed to an intrinsic property 
of graphite fibers. 

Several modes of fracture have been observed, depending on the 
material (UD or laminate) and on the (M/N)-ratio: 

- Microbuckling has been observed in the form of a decohesion of 
fibers on the compressed face of the specimens. These decohesions are 
uniformly distributed on the surface and they propagate in a stable 
manner. Their wavelengths are initially of the order of half of the 
thickness. This phenomenon is noted only in the case of UD specimens 
and [0/90/0/90/0]s laminates. In that latter case microbuckling penetrated 
from the surface into the depth of the specimen and led to the destruction 
of the external ply. The strain level at which microbuckling occurs is not 
reproducible, which tends to indicate that initiation may be due to 
superficial defects. 

- Delamination is the main failure mode observed when a 
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compressive load is applied. The phenomenon affects the whole width of 
the specimens, and may be either simple or multiple. It was observed that 
the number of delaminations increases and that the failure strain 
decreases as the (M/N)-ratio decreases, i.e. when compression 
predominates (figure 4). 

MODELLING 

MICROBUCKLING MODELS 

Summarizing, it clearly appears that both the stiffness and the 
strength are lower in compression than in tension. In addition these 
characteristics depend on the stacking sequence, on the fibers utilized and 
on the mode of loading. The lower strength in compression is often 
ascribed to some instability of the composite, such as a process of 
microbuckling at the scale of a few fibers. The first model of 
microbuckling was developed by Rosen (1964)(see also Kulkarni et al., 
1975). The composite is schematized as a superimposition of hard and 
soft layers representing the fibers and the matrix. Under a compressive 
load parallel to the direction of the layers, two modes of instability may 
occur. One is an in-phase mode, the other an out-of-phase mode. The 
matrix is then submitted either to shearing or to tension-compression, 
respectively. The critical stress is determined by modelling the hard layer 
as a beam on foundations. For volume fractions of fibers larger than 
0.25 the in-phase mode is operative. Then, the critical stress is found 
equal to: 

σC = GM/(l-f) 
where GM is the shear modulus of the matrix and f is the volume fraction 
of fibers. As a first approximation, this critical stress is equal to the 
global shear modulus in the plane of the fibers. When this result is 
applied to graphite-epoxy resin composites, this stress is much higher 
than the experimental failure stress. Several models have been proposed 
to improve the initial treatment of Rosen. Moreover, these models do not 
allow us to account for the effects of the stacking sequence and of the 
mode of loading (pure flexion or pure compression). An important 
drawback also comes from the fact that no characteristic microbuckling 
wavelength is provided by these models. It is therefore not possible to 
settle whether microbuckling is the controlling process of failure in 
compression. 

TWO-DIMENSIONAL MODEL 

The purpose of this study is to discuss again these models from a 
qualitative point of view. A 2D model is proposed (figure 5), that is a 
periodic array of stiff and soft layers. An asymptotic study of this elastic 
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multilayer structure is developed, by use of the multiple scale method. 
The stiffness ratio is taken into account as a small parameter. Details of 
calculation are presented by Gardin and Potier-Ferry (1992). 

Setting of the problem 

The equilibrium equations linearized around a state in small strain 
and uniaxial compression are written as follows : 

where S denotes the second Piola-Kirchhoff stress tensor, u the 
displacement, and S the compressive stress which is applied in the 
direction of fibers. We use an elastic and orthotropic constitutive law in 
plane stress, and the continuity conditions for the displacement and for 
the stress vector at the fiber-matrix interfaces. 

The multiple scale method 

Let h be the small parameter characteristic of the ratio between 
the microscopic scale (fiber-matrix) and the macroscopic one (the ply of 
the laminate). The microscopic variable is defined by y2 = x2 / η • 
According to previous studies (Grandidier, 1990), the stiffness ratio 
must be chosen of order η2 The displacement and the stress tensor are 
sought in the form of expansions in powers of h which take into account 
the previous hypotheses. We restrict ourselves to the case where all 
fields are periodic of period 1 in the microscopic variable y2. Putting 
these expansions into the equilibrium equations, the successive 
identifications in h are obtained. The main result is that the displacement 
in the fiber is of Love-Kirchhoff s type (kinematics of beam). Moreover, 
if the first approximation of the transverse displacement of the middle of 
the fiber is denoted by v(x), the buckling equation is found as follows : 

where eM is function of the Young's moduli of the matrix in the 
F directions 1 and 2, and of the Poisson's ratio of the matrix. E is the 

Young's moduli of the fiber. The two first terms of this equation are 
similar to those obtained by Rosen. The third one was found by 
Grandidier and Potier-Ferry (1992), and shows that the microbuckling 
depends on the stacking sequence and on the loading. It is then possible 
to compute the wavelength of the phenomenon and the critical stress of 
microbuckling : 
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where H is a parameter depending on the boundary conditions of the ply, 
that is to say on the position of the ply in the laminate (Grandidier and 
Potier-Ferry, 1992). 

CONCLUSION 

A more realistic approach to fiber microbuckling in laminated 
composites under compressive loading has been tentatively proposed in 
this work. An experimental investigation of composite behaviour under 
combined flexion and compression has also been performed owing to the 
use of an original device. The results are summarized as follows: 

- The elastic behaviour of glass-epoxy resin unidirectional 
composites and laminates has been found to be linear with a good 
approximation. 

- Microbuckling in the form of detachments of fibers on the face 
under compression has been observed in flexion on unidirectional glass-
epoxy resin composites. However, delamination is the main mode of 
failure when a compressive load is applied. The number of delaminations 
increases and the failure strain decreases as the (M/N)-ratio decreases, 
i.e. when compression predominates. 

- The asymptotic study gives a new validation of Rosen's model. It 
confirms that the account of the transverse deformation of the matrix 
allows the wavelength of instability to be found as a function of the 
distribution of material over the thickness. The critical stress is still of the 
order of the global shear modulus of the composite, which is much too 
high for a good modélisation of the fracture. 
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Figure 1 - Dimensions du système et distribution des 
contraintes dans l'épaisseur avec un rapport M/N=-18mm 
Dimensions of the device and stress distribution through the 
thickness for the configuration leading to M/N—18mm. 

Figure 2 - Dimensions du système et distribution des 
contraintes dans l'épaisseur avec un rapport M/N=-0,5mm 
Dimensions of the device and stress distribution through the 
thickness for the configuration leading to M/N=-0,5mm. 
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Figure 3 - Dimensions du système et distribution des 
contraintes dans l'épaisseur avec un rapport M/N=-lmm 
Dimensions of the device and stress distribution through the 
thickness for the configuration loading to M/N=-1mm. 

Figure 4 - Déformation à rupture et modes de rupture en fonction du 
rapport entre la déformation en tension et en compression 
Failure strains and modes of failure as a function of the ratio of tensile 
strain to compressive strain. 
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Méthode des échelles multiples 
Multi-scale method 

Figure 5 - Modélisation bidimensionnelle du composite 
Bidimensionnal modélisation of composite 
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AN EXPERIMENTAL AND NUMERICAL STUDY OF THE 
BEHAVIOUR OF A COMPOSITE PLATE UNDER 
PERFORATION IMPACT LOADING 

P. A. PARIS, D. GENIN, P. HAMELIN 

Abstract - Our purpose in this paper is to study the behaviour of composite 
materials reinforced by glass satin weave 8 fabric under the impact of a 
projectile. 
The first part of this paper deals with experimental tests carried out using a 
servo-hydraulic machine. The hydraulic ram can be programmed to impact 
the specimen at any desired velocity between a few tenths of a millimetre per 
minute and 20 m/s. In the second part, these experimental results are 
compared with the numerical results of bidimensional finite difference code 
AUTODYN. This program allows the numerical simulation of the penetration 
of composite plates by projectiles. 

Key words : impact, composite plate, numerical simulation, dynamic 
response, impact tests 

INTRODUCTION 

Structures made of composite materials are used more and more 
frequently in leading industries such as aeronautics, naval construction and in 
the manufacture of mass-produced components for cars, household 
appliances, leisure industries, etc. 

There are many situations in which these composite structures are 
subjected to collisions or to impacts of high intensity which induce damages 
and perforations. The impact behaviour of composite plates has been 
modelized in numerous previous studies (Sun & al., 1975), (Tan & al., 
1985), (Shivakumar & al.,1985), (Doan & al., 1989). However these 
modellings have only been developed for non perforating cases. 

LABORATOIRE MECANIQUE ET MATERIAUX 
UNIVERSITE CLAUDE BERNARD - LYONI 
I.U.T A - Département Génie Civil 
43, bd du 11 NOVEMBRE 1918 
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The prediction of large deflection elastic-plastic response of a structure is 
much more difficult because of the presence of strong material-property and 
geometric non linearities. And it is the reason why only a few numerical 
simulations of the perforation of multilayer plates can be found in the 
literature. The aim of this paper is to compare some of experimental results of 
plate perforation tests under the impact of a dart with predictions from the 
numerical computer code AUTODYN. 

EXPERIMENTAL TESTING APPARATUS 

This study was carried out using a ZWICK REL servo-hydraulic 
machine, as shown in figure 1. It is an universal testing machine with 
infinitely variable test speeds up to 20 m/s for performing tensile tests and 
impact penetration tests. 

A linear variable displacement (LVDT) type of transducer provides 
continuous monitoring of velocity and displacement, while the force is 
measured using a piezoelectric cell of 20 kN capacity. The set up shown in 
figure 2 is used to carry out dart tests on clamped circular plates. 

The force cell is built into the end of the dart, and separated from the tested 
specimen only by a hemispherical tip. This set up reduces noise and gives a 
better reproducibility of the load-time signal (Genin & al., 1991a and 1991b). 
The signals sent by the LVDT and the piezoelectric force cell are first 
sampled by a transient recorder MAURER ADAM 0210 with a sampling 
frequency varying between 2 MHz corresponding to a measure every 500 
nanoseconds, and 1,6 10- 3 Hz, corresponding to a measure every 600 
seconds. The data is then processed by a HP 9000 micro-computer. 

MATERIAL 

For this study we used laminate plate manufactured by Hexcel Genin 
from prepregs glass/epoxy 1581/ES67. These prepregs were manufactured 
from satin weave 8 fabric of 300 g/m2. All laminates consisted of 12 plies 
[0°/90o/0o/90o/0°/90o]s and had a nominal thickness of 3 mm. The fiber 
volume fraction, determined by calcination at 800°C, was equal to 41%. 
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PERFORATION TESTS 

The apparatus shown in figure 2 is used to perform tests on specimens 
consisting of circular plates of 40 mm in diameter and 3 mm thick clamped 
along their circumference. The dart has a diameter of 20 mm and a semi-
spherical tip. 

Figure 3 shows the evolution of the contact force as a function of time 
for impact tests carried out with different velocities. Observation of these 
curves shows that, as the velocity of the projectile increases, the duration of 
contact decreases while the maximum force increases. 

Figure 4 shows the evolution of the contact force as a function of the 
displacement at the centre of the plate for impact tests carried out with 
different velocities. The contact force is always higher for an impact test than 
for a static test, although the variation of the elongation at maximum force 
remains small. The curves obtained show a lot of oscillations; we believe that 
this phenomenon is due to the natural frequency of the specimen and of the 
apparatus. 

GOVERNING EQUATIONS 

We consider the problem of two bodies B1 and B2 which can 
impact.The equations of motion in cartesian tensor form are given by 
Germain (1973): 

^ij,i + Pfj — pdj (1) 

where σij is the Kirchhoff stress tensor, p is the mass density, fj are the 
body forces and uj are the displacement components. Superscript dots denote 
partial differentiation with respect to time t 

The stress-strain relations may be expressed as follow: 

єij = Fij(σkl) (2) 

For linear materials eq.(2) becomes: 
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σij. = aijkl єkl (3) 

and the non linear strain-displacement relation can be written: 

— Uj,j "I" 4j,i + Uk,ittk,j (4) 

The following three relations express conservation of mass, linear 
momentum and energy at the shock front 

p(c
n

-Ui ni) = p0cn (5) 

(6) 

(7) 

where p0 is the initial mass density, ni is the outward unit normal vector to 
the shock surface, e is the specific internal energy, cn is the normal 
component of the shock propagation velocity and δij is the Kronecker delta. 

The boundary conditions for any point on the contact surface are given 
by: 

(8) 

(9) 

Equation (8) states that the normal stress across the contact surface 
must be compressive and equation (9) states that any two coincident points 
on the contact surface must either remain in contact or start receding. 

MODELLING 

The two dimensional Lagrangian computational code AUTODYN was 
used to simulate the plate impact problem. AUTODYN is an interactive 
computer program for analyzing very large deformation dynamic response of 

268 



non-linear solids ( Birnbaum & al., 1987 ). This software provides solutions 
for: 

- Dynamics including non-linearities ; 
- Solid, fluid and gas dynamics ; 
- Fluid-structure interaction ; 
- Large strains and large deformations problems ; 
- Impact, contact and penetration problems ; 
- Explosions, shock and blast. 
The projectile and target are spatially discretized and the field equations 

of continuum physics are approximated using finite difference techniques. 
The interaction of bodies in impact-penetration is treated by slideline 
algorithms, which enforce the constraint that the two bodies cannot occupy 
the same space at the same time. To take into account the compressibility of 
the interacting materials, special contact laws are used to modelize the 
interaction between the projectile and the target. An interactive reasoning can 
be used to eliminate severe mesh distorsion and to redefine a new numerical 
mesh. Material and kinematic properties for each element in the new mesh are 
chosen such that mass, momentum and internal energy are kept constant, and 
constitutive equations are satisfied. 

The analysis is based on two dimensional axisymmetric idealization. 
The axisymmetric assumption is not exact, because the laminate is not 
flexurally isotropic. However, in this analysis, plate deformations were 
assumed to be axisymmetric under the central plate loading. Previous studies 
(Tan & al., 1985), (Genin & al., 1991b) showed that in order to interpret the 
signals received from the load cell positioned on the impact testing apparatus, 
it is necessary to treat the impactor as an elastic body. The projectile is 
idealized as a linear elastic material using a Lagrangian discretization and the 
circular plate is modelized as a linear elastic-perfectly plastic material using a 
Lagrangian discretization. With this model the Von Mises yield strength 
criterion is used with the linear equation of state given by: 

P = K
(H ('0) 

where К is the material bulk modulus and po is the density of the cold 
material at zero pressure. The linear equation of state is also characterized by 
a hydrodynamic tensile limit. The composite ultimate stress was used for this 
parameter. When the pressure in a cell drops below the hydrodynamic tensile 
limit, the pressure and the yield stress are reset to zero, and the cell can later 
sustain positive pressures but it will no longer have strength nor will it be 
able to support tension. Elastic properties and strength properties are given in 
table 1. 
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The plate, fixed in its frame and subjected to a load in the centre by 
means of the hemispherical tip of the dart is modelized in figure 5. The 
projectile is made of steel,with a diameter of 20 mm. The circular plate has a 
diameter of 40 mm and a thickness of 3 mm. The number of mesh points in 
the penetrator is 72 and in the plate is 70. 

It took about 90 minutes to perform each calculation on PC 386-40 
MHz. Figure 6 shows the evolution of the force calculated at the level of the 
load cell for a velocity of the dart of 5.8 m/s. The load cell is positioned at 25 
mm far from the contact point. In this figure the presence of a high-frequency 
signal can be seen, superimposed on the force signal, and this can also be 
seen in figure 3, for a force-time curve recorded by the load cell positioned 
on the servo-hydraulic machine. During the first stage, oscillations are 
created by contact between the impactor and the plate. After failure of the 
plate, oscillations appear, whose frequency is close to the frequency 
observed as the load increases. 

In simulations, the frequency and the magnitude of ringing are higher 
than in the case of impact tests. For impact penetration tests, the signal was 
obtained with a sampling frequency of 330 kHz corresponding to a measure 
every 3µs. Consequently, according to the Nyquist criterion, the frequency 
of the output signal will be at most 165 kHz. This explains the lower 
frequency of oscillations in the signal provided by the load cell. The 
frequency and the magnitude of oscillations are also attenuated by the rise-
time of the load cell and the electronic instrumentation. The evolution of the 
problem is shown in figure 7. 

CONCLUSION 

This study enables us to understand how a composite material reinforced 
by glass satin weave 8 fabric behaves under static and impact loading 
conditions. The use of a servo-hydraulic machine gave us a constant velocity 
throughout testing and we are thus able to determine the laws of behaviour of 
the material as a function of the load velocity. 

In view of the hypotheses and approximations which were admitted, 
the modelling of the behaviour of a circular plate fixed in a frame along its 
circumference and subjected to a traverse load gives satisfactory results. The 
present modelling allows us to reach a better understanding of the penetration 
process which occurs during a dart impact test. 
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These results prove that composite materials are particularly worth of 
interest for marine structures submitted to impact loading conditions for these 
main reasons: 

- Energy absorbtion ; 
- Large displacements ; 
- Localization of damages ; 
- Complex crack propagation. 
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OBATA H., 1987, "AUTODYN - An interactive non-linear dynamic analysis 
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projectile plate 
density (kg/m3) 7800 1850 
Bulk modulus (MPa) 200000 19000 
Shear modulus (MPa) 80000 4000 
Yield stress (MPa) 900 290 
Ultimate stress (MPa) 300 

Tableau 1: Propriétés mécaniques du projectile et de la plaque. 
Table 1: Elastic and strength properties of plate and impactor 
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Figure 1. 
Machine d'essai 
Testing apparatus. 

Figure 2. 
Montage expérimental 
Testing setup. 
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Figure 3: Evolution de la force de contact en fonction du temps. 
Evolution of the contact force as a function of time. 

Figure 4: Evolution de la force de contact en fonction du déplacement mesuré 
au centre de la plaque. 

Evolution of the contact force as a function displacement measured at the 
centre of the panel. 
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Figure 5: Discrétisation du problème 
Schematic idealization of the problem 

Figure o: Evolution de la force en fonction du temps, calculée au point ou est 
positionné le capteur de force 

Time history of the load calculated at the level of the load cell 
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Figure 7 : Evolution des déformations d’une plaque circulaire soumise à un 
choc perforant du à un perforateur se déplaçant à une vitesse 

constante de 5,8 m/s 
Evolution of strains in a circular panel subjected to perforation impact by an 

impactor travelling at a constant speed of 5.8 m/s. 
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CORRELATION BETWEEN TESTS AND CALCULATIONS FOR 
COMPOSITE MATERIALS IN MARINE APPLICATIONS. 

IFREMER *, CETIM **, EC NANTES***, BV **** 

D. CHOQUEUSE *, P. DAVIES *, B. BIGOURDAN * 

Abstract - The use of finite element calculations is valuable in the design 
of composite structures, but few examples of correlations between 
measured behaviour and finite element calculations are currently 
available. After definition of a representative type of structure (a 
stiffened sandwich boat hull), and construction of a test set-up allowing 
the loading of such panels (uniform pressure loading of 1m by 2m 
panels), modelling was performed in four laboratories using different 
finite element codes. The results obtained (deflections and strains) have 
been correlated with test results. A satisfactory correlation is obtained for 
deflections (differences around 20% for the central deflection) but the 
correlation between measured and calculated strains is less satisfactory. 

Keywords : uniform pressure, finite elements, sandwich, PVC foam, 
stiffener. 

INTRODUCTION 

Within the European programme BRITE-EURAM (COMAST 
Composite for MArine STmctures and components), a test-calculation 
correlation has been performed on two types of structure in order to 
validate the application of finite element (FE) techniques and to compare 
different FE codes. These structures were chosen to be representative of a 
marine application in which panels are frequently subjected to uniform 
pressure loading. 

* Marine Materials Laboratory, Ifremer, Plouzané, France 
** Département d'analyse des structures, CETIM, Senlis. 
*** Laboratoire de mécanique des structures ,Ecole Centrale Nantes. 
**** Centre de recherche et développement, Bureau Veritas, Paris 
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TYPE OF STRUCTURE STUDIED 

The structures considered here are sandwich panels with 
stiffeners. These panels are representative of those employed in surface 
effect ships (SES) or certain types of minehunter. The panels, of 
dimensions 1m by 2 m, are made up of two glass fibre reinforced resin 
skins on a closed cell PVC core. The skins are fabricated by contact 
moulding of quadriaxial E glass fibres (907-45707+45°) of surface 
weight 1034 g/m2 in an epoxy resin (reference Sicomin SR 1500). The 
thickness of each skin is 3.4 mm. The core material is a cross linked PVC 
of thickness 40 mm, of density 80 kg/m3 (reference Diab-Barracuda 
H80). 

Two types of stiffener have been employed. For Panel 1 (figure 
1), two transverse stiffeners are placed with a separation of 1180 mm. 
Panel 2 (figure 2) is stiffened by two transverse stiffeners identical to 
those on Panel 1, and also a longitudinal stiffener along the central axis. 

The stiffeners are laid up by lamination (contact moulding) of two 
layers of quadriaxial fabric on a profile (omega) of polyethylene foam of 
density 35 kg/m3. 

INSTRUMENTATION OF PANELS. 

Two types of measurement are made during the tests. Vertical 
displacements are measured at different points (12 on Panel 1, 13 on 
Panel 2), on the upper panel surface, using linear displacement 
transducers (LVDT). The strains at eight different points on the upper 
and lower surfaces (ex, ey, and γxy) are also measured, by three-
directional strain gauge rosettes bonded to the sandwich skins, (figure 3). 

TYPE OF LOADING AND TEST SET-UP. 

In order to ensure that the loading undergone by the panels was 
representative of that seen by hull structures, uniform pressure loading 
was selected. This type of loading is obtained using a test set-up largely 
inspired by the work of Reichard (1989). The experimental set-up 
enables panels to be pressurized from below (up to 0.5 MPa) while the 
top of the stiffeners are blocked to react the loading forces and stop 
rotation (figure 4). 
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PROCEDURE. 

The following procedure was used for the study. 

1. Definition of the structures, loading, and materials. 
2. Determination of basic material properties. 

The properties ( Ex
, Ey, v

xy
, G

xy
) of the materials making up 

the structure (sandwich and omega skins) are determined by 
tensile tests in 2 directions (0° & 45°) and by calculation 
(ANASTRA : micromechanics and laminate theory and 
MODULEF : homogenisation of periodic media, Begis et al., 
1981). 

The shear properties (G) of the sandwich core are obtained by 
mechanical tests and from manufacturer's data sheets. 

3. Correlation of results for point 2 and choice of properties to 
input to FE models. 

4. Determination by FE calculation of the deflections and strains 
at the experimental points for a loading pressure of 0.1 MPa. 
The FE codes used here are : 

ADINA 
CASTOR 
SAMCEF 
ABAQUS 

5. Experimental loading of panels with recording of deflections 
and strains as a function of applied pressure. 

6. Correlation test-FE calculation. 

MATERIAL PROPERTIES. 

The data supplied for the calculation of the mechanical properties 
of the skins were the resin properties, the surface weight of the 
reinforcement, the stacking sequence and the skin fibre content. The 
latter, 58.4% by weight, was obtained by averaging measurements made 
on similar materials in the IFREMER laboratory. All the data supplied 
were therefore data which would be available to the designer before 
fabrication. 

The determination by mechanical testing of the values Ex, Ey, 
vxy was performed using tests at 0° (0° direction x and 90° direction y 
identical). It is important to note that the load-displacement curves 
recorded for these tests are non-linear. Two different methods are 
therefore employed to obtain the elastic constants : taking the initial 
tangent to the curves (init.) and by a least squares linear regression 
between 10 and 50% of the maximum stress (mean). The tensile test at 
45° allows G

xy
 to be obtained. Results are presented in Table L 
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For the modulus Ex, the results obtained by calculation are between the 
two experimental values. The non-linear behaviour of the material is not easily 
included in the finite element predictions but it should nevertheless be borne in 
mind that the difference between moduli values determined at the origin and 
using a 10 to 50% secant is around 30%. The differences between measured and 
calculated values of v and G are quite small (<10%). For the subsequent finite 
element calculations the values determined by ANASTRA were therefore 
retained, as it was thought that these would most probably be the values 
available to designers. 

The shear modulus of the foam core, determined experimentally 
(according to the standard NFT 56-118), is 33 MPa. This value was therefore 
also retained. The supplier's data sheet indicated a slightly lower value of 30 
MPa. It should be noted however that the properties of foam cores are directly 
related to core density (see for example Gibson & Ashby 1988) and this is 
controlled to +/- 10%, which may explain this difference. A preliminary test on 
the foam had given a lower value of 15 MPa but on checking this was attributed 
to an incorrect displacement measurement. The detennination of shear 
properties of core materials is a delicate operation and must be performed 
extremely carefully (Olsson & Lönnö, 1989). The foam was considered to be 
isotropic with a Poisson's ratio of 0.4, in the absence of data to the contrary. 

FINITE ELEMENT MODELLING 

Four finite element codes were employed in four different laboratories. 
No instructions were given as to the type of element or mesh to be used. In 
Table 2 the principal details of the models used for both panels are given. It 
may be noted that the type of model is similar for each laboratory, both with 
respect to the area meshed and the type of element used. The results obtained 
from each model are presented in Tables 3 and 4. For ADINA only the 
results of the linear model are presented here. 

TEST DETAILS 

Each panel, after instrumentation, was loaded to a pressure of 
0.12 MPa in steps of 0.02 MPa. The displacements and strains were 
recorded using a data recording system (Schlumberger Orion). For each 
panel two tests were performed. The means of the two values of each 
measurement are shown in Tables 3 and 4. 
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RESULTS. 

PANEL 1. 

The predicted shape of the deformed panel differs for the 
different FE codes, figure 5, although the results from ADINA and 
CASTOR are quite similar. The shape of the panel observed during tests 
is also different from all the predictions. The calculated deflections at the 
centre are 10 to 25% higher than those measured. A non-linear (large 
displacement) model was performed using ADINA and this improved the 
correlation slightly in the region of the stiffener. 

A parametric study was performed to investigate the influence of 
the shear modulus of the foam core (Davies et al., 1992) and this showed 
that the deflections were extremely sensitive to this parameter. Changing 
the modulus from 33 to 15 MPa resulted in a change in central deflection 
from 21 to 32mm, but did not significantly change the shape of the 
deformed panel. 

With respect to the strains, (figure 6), very large differences 
between calculation and experiment were noted, with differences up to 
100% being frequent. The values obtained by ABAQUS do not appear 
realistic. 

PANEL 2 

Differences between measured and calculated deflection values 
were around 20%. In this case however, in contrast to Panel 1, the 
measured values were higher than finite element predictions. The shape 
of the deformed central region of the panel (x=1000mm) is shown in 
figure 7. In general, while the agreement among finite element models is 
good systematic differences noted when they are compared to test results. 
Once again however, results from ABAQUS are quite different to the 
other codes and strains are unrealistic. 

CONCLUSIONS 

The results from finite element calculations differ significantly 
even though the input parameters are identical (boundary conditions, 
material properties), and there are also significant differences between 
the finite element predictions and the measured values. Calculated 
deflections are within 20 to 30% of test results. The correlation between 
calculated and measured strains is poor however and thus the use of a 
criterion to predict failure would be extremely hazardous. 
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One of the parameters which could be included to improve the 
finite element models is the non-linear behaviour of the core and skin 
materials. This is currently being studied. 

The difficulties in accurately representing the structures studied 
here seem to be twofold, first the uncertainties concerning the response 
of the stiffeners and second the difficulties in modelling sandwich 
materials. In order to separate these two problems a second series of tests 
is underway in which monolithic panels are being tested and boundary 
conditions and stiffener configurations are being varied. 
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TABLE 1 
Properties of skin laminates obtained by test and calculation. 

Mechanical 
tests 

ANASTRA 

micromeca. 

MODULEF 

homogenis. 

Ex 
init 
mean 

MPa 
MPa 

15.51 
11.28 

14.11 13.84 

vxy init 
mean 

0.31 
0.33 

0.31 0.34 

Gxy init GPa 5.48 4.83 5.38 

TABLE 2 
Comparison of different FE models used 

ADINA SAMCEF CASTOR ABAQUS 

surface meshed 1/4 of panel 1/4 of panel 1/4 of panel 1/4 of panel 

type of analysis linear (L) linear linear linear 

& 
non-linear (NL) 

type of element 
number of nodes per element 

for the skins shell shell shell shell 
multilayer MITC type 56 SAMCEF multilayer multilayer 

8 nodes à 4 noeuds 8 nodes 

for the core solid volume solid solid 
type 8 SAMCEF 

20 nodes 8 nodes 20 nodes 

number of elements 

for the skins 
panel 1 228 420 400 272 
panel 2 196 420 400 272 

for stiffeners 
panel 1 84 40 60 48 
panel 2 92 76 92 93 

for core 
panel 1 (2* 114) + 96 210 + 20 200 + 40 136 + 32 
panel 2 98 + 56 210 + 39 200 + 76 136 + 62 
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TABLE 3 
Comparison of differents FE models, for P = 0.1 MPa. 

PANEL 1 

ADINA SAMCEF CASTOR ABAQUS ESSAI 

Displacements 

A (220/150) 2.95 -0.02 3.10 3.38 2.59 

В (600/150 7.91 9.98 8.00 8.62 9.95 

C (1000/150) 21.69 24.09 22.00 31.01 21.07 

D (220/500) 3.10 0.11 3.30 2.50 3.39 

F (600/500) 7.63 9.66 7.80 7.12 10.59 

G (800/500) 17.12 19.43 17.40 17.86 17.63 

H (1000/500) 20.82 23.11 21.10 24.23 19.31 

Strains 

Cs єx 3276 3499 3190 24 2092 

Ex -729 -824 -725 120 -397 

γxy 123 55 43 -2200 113 

Ds Ex -1001 -989 -985 99 -414 

Ex 68 124 81 • 158 10 m 18 3 0 -4300 -428 

Ei Ex 3455 3089 3020 283 1828 

Ex -103 -20 -76 -378 41 

γxУ -70 15 27 -2580 4 

Gs Ex 2115 2501 2040 169 1747 

Ex -235 -327 -233 -483 -406 

Yxy 40 21 0 12700 106 

Hi Ex -3243 , -3308 -3130 -364 -1901 

Ex 354 454 426 203 1044 

yxy 23 34 0 -4700 81 

Hs Ex 3068 3349 3020 376 1560 

Ex -338 -413 -284 -230 837 

yxy 22 -24 0 4410 41 
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TABLE 4 
Comparison of different FE models, for P = 0.1 MPa. 

PANEL 2 

ADINA SAMCEF CASTOR ABAQUS ESSAI 

Displacements 

A (220/150) 2.78 1.85 2.80 3.74 5.32 
В (600/150 5.23 5.84 5.80 5.23 8,87 
C (1000/150) 13.78 14.35 15.00 15.67 15.45 
D (220/500) 1.38 1.60 0.71 4.32 
F (600/500) 3.30 4.15 2.18 7.38 
G (800/500) 7.54 8.54 8.70 ■ 4.98 10.59 
H (1000/500) 9.45 9.98 10.50 6.80 11.87 
О (1000/300) 11.50 12.39 12.70 13.76 

Strains 

Cs £x 1749 1861 1870 39 1162 
Ex -433 -497 473 169 -211 
yxy 148 -88 21 -4930 -62 

Ds Ex -1957 -2055 -3 -1427 
Ex 647 746 47 708 
Yxy -428 -1060 -1120 97 

Ei Ex 2247 1965 2150 233 1333 
Ex -395 -336 -439 -27 -100 

γxУ 60 -88 118 -1310 -5 
Gs Ex 3489 4608 4075 27 ; 3840 

Ex -865 -1416 -1230 634 -896 
γxy 420 -1063 1060 503 -788 

Hi Ex .2342 -2171 -2330 -57 -1471 
Ex 1799 1647 1630 170 1766 
γxy 1 2 0 344 321 

Hs Ex 5755 6385 6540 72 4498 
Ex -1251 -1976 -1090 -142 -1632 
γxy -196 -485 -113 -3010 22 

Oi Ex 1089 1329 1210 681 

єy -502 -516 -465 -275 
yxy -183 -155 0 23 
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PANNEAU 1 / PANEL 1 

PANNEAU 2 /PANEL 2 

INSTRUMENTATION DES PANNEAUX 
PANEL INSTRUMENTATION 

CHARGEMENT DES PANNEAUX 
LOADING CONDITIONS 
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Figure 5. Déformée du panneau 1 mesurée et calculée 
Predicted and measured shape of deformed panel 1 

Figure 6. Déformations du panneau 1, mesurées et calculées. 
Predicted and measured strains, Panel 1. 

Figure 7. Déformée du panneau 2 mesurée et calculée 
Predicted and measured shape of deformed panel 2 
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COMMONLY-USED COMPOSITE MATERIALS: 
FIRE BEHAVIOUR 

J. CROQUETTE* M. BAUDIN** 

Abstract- In the national naval composites project, several series of fire 
tests have been carried out on epoxy glass pipes and different structural 
materials commonly used in naval construction. This paper describes the 
materials tested and the procedures chosen to evaluate the fire reaction 
properties: flammability (M classification), smoke emission F 
classification), and the fire resistance (IMO A 517(13)). The conclusions 
are given for both the testing procedures and the performance of the 
composite materials. 

Key words: composite material, fire resistance, pipe, sandwich, smoke. 

INTRODUCTION 

The use of composite materials on board ships is often 
conditioned by their capacity to prevent the propagation of fire and 
smoke. The regulation requirements depend on the type of boat 
(passenger, cargo, fishing vessel), and on the localization on board. 

On large ships, most of the bulkheads must be non-combustible 
and composite materials are thus excluded. The use of composite pipes is 
allowed for some piping systems and guidelines are being prepared by 
the IMO (International Maritime Organization). 

* IFREMER Lorient 
**BUREAU VERITAS Centre de Recherches et Développement 
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For fishing boats and the small ships, the regulations are less 
severe. Composite materials are widely used for the hulls and bulkheads, 
and an IMO class F bulkhead,(as defined in the next paragraphs) may 
have many applications. For pleasure boats, there is no requirement for 
fire resistance of the materials used. The flammability of the surface 
materials should be low in some areas. 

The fire tests described here include the evaluation of the fire 
reaction -flammability, smoke emission- and fire resistance properties of 
materials used for pipes and for hulls and bulkheads of small boats. 

MATERIALS TESTED 

The materials tested are presented in table 1. For the pipes, two 
epoxy wound materials widely used in the offshore oil industry have been 
chosen. The panels tested were made by different shipyards and by 
IFREMER. L1 , L2 , S1 , S2 are the reference materials used for the 
whole program of the "Projet National Composite". In the material 5, L1 
+ glass, the side exposed to fire has been reinforced by high grade glass 
fabric. Material 6 contains 15 % of Alumina Hydrate. Material 7 is 
protected by an intumescent coating. Material 8 contains a special fire 
resistant polyester and is protected by a Zn powder based coating. The 
phenolic material 9 was made by moulding under pressure and it 
contains the same reinforcement as L1. 

FIRE REACTION TESTS ON PIPING AND BULKHEAD MATERIALS 

The fire reaction tests give very important information on the 
flammability of the material and it's ability to produce smoke and toxic 
gases. The flammability properties are most important in the initial 
development of the fire. Adapted standard tests have been defined for the 
selection of materials and protection coatings in the building 
construction industry and in transport by air and by rail. 

Description of the tests 

M Classification : The flammability and capacity to develop a 
flame is evaluated with the epiradiator test (French standards NF P 92-
501 and 92-507). The test is performed on a plate of 400x300 mm placed 
on a support at 45 ° and exposed to the heat of an epiradiator (quartz 
disk of 500W and 100mm diameter) placed at a distance of 3 cm. The 
time before inflammation (Ti) is noted, as well as the sum of the heights 
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of the flames every minute (Σ Hm), and the total duration of the 
flames(8T). These data are introduced into a formula and the result (q) 
classes the material from "non flammable Ml" to "easily flammable M4". 

q= 100 x E Hm / Ti x /δТ 

F classification : For the evaluation of the ability of the materials 
to produce smoke and toxic gas, we have applied the current SNCF 
procedure (French standard NF F 16-101), which is based on two 
different tests: Smoke emission with the NBS room test (French 
standard NF X 10-702), and gas toxicity with the tubular oven test 
(French standard NF X 70-100). 

For the NBS room test, a small plate of material is exposed to the 
radiation of an epiradiator, as for the M classification test, and the 
parameters noted are the maximum smoke density (Dm) and the 
densities D1',D2',D3',D4' after 1, 2, 3 and 4 minute which will 
characterize the total amount of smoke produced (VOF4 = 
Dl,+D2'+D3’+D4/2). 

The tubular oven test is performed on a 1g sample which is burnt 
at 600°C and the gases are recovered. The following analyses are made: 
CO, C02, HCl, HBr, HCN, S02. The result is a toxicity index (I.T.C.) 

The data from the smoke emission and gas toxicity tests are 
introduced in a formula and the result (I.F.) classes the material from F0 
to F5. 

I.F= Dm/100 +VOF4/30 + ITC/2 

Results 

Table 2 presents the materials tested and the results. 
The flammability of the materials is found to be high except for 

the phenolic, the material 5, which is ignifugated, and the epoxy tubes. 
The behaviour of the core has an influence on the flammability of 

the sandwich panels: The skins of S1 and S2 are respectively materials 
L1 and L2. L1 is more easily flammable than L2, but a higher 
flammability is found with the S2. 

The smoke emission and toxicity results show the influence of 
different factors related to the composition of the material: 

The materials L1, S1 and S2 produce a high density of smoke. 
The protection by a high grade glass layer reduces the smoke emission 
(material 2) as does the intumescent coating (material 4). The amount of 
alumina hydrate in material 3 is too low to produce a significant effect. 
Material 5 is ignifugated with chlorinated additives or resin. The high 
level of I.T.C. is due to HC1 emission as for the S2 PVC sandwich 
material. 
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The superior performance of the balsa sandwich S1 compared with S2 is 
apparent in the table, but not in the classification (both are in class F3). 

FIRE RESISTANCE TESTS ON PIPING 

Pipes are often filled with water on board ships, or they can be 
maintained filled. The behaviour of the composite pipes in such 
conditions is much better than dry. The fire resistance tests presented 
here have been carried out on filament-wound epoxy pipes and fittings 
which could be used for the main engine cooling or fire fighting piping on 
fishing boats. They were tested filled with water with or without 
circulation. Two thicknesses, 5 and 17 mm were tested and the 
comparison was made with steel pipes commonly used for these 
applications, which were placed in parallel for each test. 

Description of the tests 

Portions of pipes of 4 meters length and 100 mm diameter, either 
equipped or not with elbows, have been placed in an oven, laying 
horizontally on metallic supports. The length between supports was 2.5m 
and the pipe was fixed only at one end in order to allow the dilatation of 
the tubes to operate without restriction. The length exposed to the heat 
was 3.5 m. 

All the tests except one have been performed on pipes filled 
either with or without circulation at 40 m3/ hour. The pressure was 
maintained at nearly 5 bar with a safety valve at 5.5 bar. For the 
elevation of the temperature, two curves were used: 

-The SOLAS curve, which simulates the variation of temperature 
in case of fire in the engine room of a ship, is adopted by IMO and 
the National Administration for the tests on bulkheads and doors. 
It is similar to the ISO curve used in the building industry. 
-The "H curve" or "Hydrocarbon curve" or "MOBIL curve" which 
simulates the fire of gas hydrocarbons and which is used by IMO 
for tests on pipes. 

Control 

All the samples .were controlled visually and weighed before and 
after fire test. 
During the tests, the temperature of the oven and of the water was 
registered continuously, as well as the pressures and the flow rates. 
At the end of each test, the tubes were maintained at under pressure at 5 
bar during 15 minutes and the leakage was measured. Then, they were 
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cut in order to evaluate the thickness of the damaged portion and the 
remaining intact material. 

A video film presenting the tests and the results has been made. 

Results 

The main results are given in table 3. 

Effect of the flow rate: 

- Tests at 40 m3/hour 
In this case, the straight composite pipes resist the H curve for at 
least 60 minutes without leakage. 
The pipes connected with glued elbows resist 60 mn, but with a low 
leakage at 5 bar at the end of the test (drop by drop). 

-Tests at 0 m3/hour 
The straight pipes tested without circulation of water resist the 1 
hour H test with a low leakage at the end of the test. 
The pipes equipped with elbows placed in these conditions give 
similar results whether they are tested for 30 or 60 mn (drop by 
drop leakage at the glued joint). 

Weight losses- Intact remaining thickness: 

-The weights measured first show the lightness of the composite 
pipes compared with steel pipes used for similar applications (4 
times lighter). 
-The weight losses and intact remaining thickness measurements 
show little difference between 30 and 60 mn tests. This has been 
confirmed by the observations made during the tests in wet 
conditions: a nearly stable state seems to be reached in a short 
time (less than 15 mn), then the evolution is very low: the heat 
brought by the oven is evacuated through the tube, in the water in 
circulation or by the vaporization of the water and evacuation of 
the steam through the safety valve. 

FIRE RESISTANCE TESTS ON PANELS 

Very little information is available on the fire behaviour of the 
composite materials manufactured by shipyards. The following tests 
were made with a standard IMO procedure for the classification of 
bulkheads and doors. 
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Description of the tests 

The detailed description of the fire resistance test is given in the 
IMO resolution A 517(13) 

The SOLAS curve chosen to simulate the fire on board a ship 
corresponds to the following temperatures: 

556°C 
659°C 
718°C 
821°С 
925°C 

after 
after 
after 
after 
after 

05 mn 
10 mn 
15 mn 
30 mn 
60 mn 

The IMO class F bulkheads should be capable of preventing the 
passage of flame and smoke during 30 mn without smoke, and should 
have an insulation value such that the average temperature of the 
unexposed side will not rise more than 139°C above the original 
temperature, nor will the temperature at any point, including any joint, 
rise more than 225°C above the original temperature, within the 30 mn. 

The tests are performed with an oven, the door or the ceiling of 
which is replaced by the tested pannel, which should have minimal 
dimensions of 2440 x 1910 mm. 

In a first step, orientation tests have been carried out on a series 
of small panels (900x600mm) with a cubic oven of small dimensions 
1200x1200x1200 mm. The tested panel was placed vertically replacing 
one face of the oven. 

By using this cheaper method, the influence of different 
parameters could be studied and the panels to be tested later in large 
dimensions according to the IMO procedure could be defined. 

The materials tested are described in table 4. They have been 
manufactured by the shipyards and producers, or by IFREMER by hand 
lay-up. The list includes the most common materials and a few additional 
materials which are expected to be more effective in fire tests. 

Control 

The temperature was recorded in 5 places continuously on the 
non exposed side and, when needed, in the thickness of the materials (for 
the sandwiches at the interface between skins and core), or under the 
insulation materials. 
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For the large dimension tests, the IMO A 517(13) was applied in 
view of the acceptance of the panels as IMO class F bulkhead and decks. 
Only one panel was tested for bulkhead, a balsa S1 sandwich panel 
protected with 59 mm of Rockwool BX 643 and two panels 
simultaneously for the deck test, the balsa sandwich tested as bulkhead 
and the PVC sandwich S2 protected with a 38 mm Kerlane ceramic fibre 
layer. They were fixed in a concrete and steel frame in order to prevent 
expansion effects. A video film was made during the tests. 

Results 

Small scale tests: 
An example of the curves obtained is given in figure 1. For an 

easy comparison, the times to reach 150 °C on the unexposed side have 
been noted on table 4. 

The fire resistance of a thin (5 to 8 mm thick) plate of monolithic 
glass-polyester, as used commonly in pleasure boats, is very poor. The 
150°C temperature is reached in less than 10 mn on the unexposed side. 
The other thin monolithic materials tested, including phenolics, do not 
provide significantly better results. 

The performance is enhanced whith thicker monolithic and 
sandwich materials (150°C reached after more than 1 hour for the 3cm 
glass-polyester, 17 mn for the PVC and 30 mn for the balsa sandwiches). 
In the case of the PVC sandwich, the core starts to melt very quickly, 
after 2 to 3 mn. 

Much better results are also obtained with composites protected 
with insulation materials: 

Only 50mm of rockwool protect correctly the thin polyester-glass 
material and the balsa sandwich for at least 30 mn. 

The large scale IMO tests carried out on insulation protected 
balsa and PVC foam sandwich have been concluded by the acceptance as 
IMO class F for these two materials, based on the evolution of the 
temperature on the non exposed side. 

In the case of the PVC sandwich, the internal foam had started to 
melt after less than 15 mn. The material had lost its mechanical 
properties. 

For the sandwich materials, the temperature of the unexposed 
side is not the only important parameter. The degradation by the fire -
loss of adhesion or melting of the foam or chemical destruction- at the 
interface between the exposed skin and the core should be identified by 
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the test and prevented. Additional thermocouples have to be installed in 
the material, and new acceptance criteria have to be defined. 

Another possibility to take into account the degradation of the 
mechanical properties is to carry out the test with the panel loaded. The 
measure of mechanical properties after the test is not significant because 
the material evolves during the cooling of the oven. 

Another conclusion of the tests was the importance of the smoke 
emission, the nocivity of which has been felt more particularly in the case 
of the PVC foam S2 sandwich. 

Resin Reinforcement Core Structure 

Material 01: L1 
Orthophthalic 
polyester 

ROVIMAT 
glass 

- 5 RM 500/300 

Material 02: L2 
Isophthalic 
polyester 

Quadriaxial 
glass 

6 Qx 1034 

Material 03: S1 
Orthophthalic mat M300 + Balsa M300/2RM/ 
polyester RM500/300 19 mm Balsa/ 

2RM/M300 
Material 04: S2 

Isophthalic Qx 1034 PVC 
25 mm 

2Qx/PVC/2Qx 

Material 05: 
Material 06: 
Material 07: 
Material 08: 
Material 09: 
Material 10: 
Material 11: 
Material 12: 
Material 13: 
Material 14: 
Material 15: 
Material 16: 

L1 with external RV 1500 300 
L1+ 15% Alumina hydrate 
L1 + LURIFIGE DB coating 
L1 + Chlorinated additive + Zn Coating 
Phenolic + 5 RV 500/300: 
Epoxy filament wound tube 1 
Epoxy filament wound tube 2 
L1 + Rockwool BX 643/ 117mm 
L1 + Rockwool BX 643/ 59 mm 
S1 + Rockwool BX 643/ 59mm 
S2 + Ceramic fiber / 38 mm 
LI thick (30mm) 

TABLE 1 : Materials tested 
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Material Dm/ 
100 

VOF4/ 
30 

ITC/2 I.F. Clst F 

01 LI 6.3 31.2 2.25 39.8 F2 
02 L2 4.2 5 1.9 11.1 F1 
03 S1 6.6 33.3 3.8 43.6 F3 
04 S2 9.2 34 21 64.2 F3 
05 L1+Glass 3.0 10.8 2.25 16.1 F1 
06 Ll+Hyd.Al 4.3 23.4 2.4 30.1 F2 
07 L1+LURI 2.8 5.8 2.7 11.3 F1 
08 L1i+Zn 5.1 6.6 43.1 54.8 F3 
09 Phenolic 0.3 0.06 7.6 8.0 F1 
10 Tube 1 2.6 5.2 4.1 11.8 F1 
11 Tube 2 4.6 10.7 5.2 20.5 F2 

Material Ti δT ΣHm q Clst M 

01 L1 96 1100 1980 62 M4 
02 L2 94 1106 1070 34 М3 
03 S1 110 1090 1660 46 М3 
04 S2 70 1130 2036 86 M4 
05 Ll+Glass 100 1100 2070 62 M4 
06 Ll+Hyd.Al 120 1080 1620 41 М3 
07 L1+LURI 118 1085 1208 31 М3 
08 Lli+Zn 0 0 0 0 Ml 
09 Phenolic 308 194 23 0.05 Ml 
10 Tube 1 148 390 123 4.2 М2 
11 Tube 2 134 403 103 3.8 М2 

TABLE 2 : Fire reaction tests results 
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Test Material Flow 
rate 
m3/h 

Curve/ 
Time 

Thickness 
Remain/Intact 

mm/mm 

Weight 
Initial/Loss 

Kg/Kg 

Leaks 

1/mm 

N°l 1a:tube comp. A5mm 40 H/60 3 1-2 _ . 0 
1b:tube comp. A17mm H/60 14-15 14-15 - - 0 
1c:tube steel H/60 - - 82 - 0 

N°2 2a:tube comp.A5mm 0 S/60 5 3 19.3 1.3 0.21 
2b:tube comp.A17mm S/60 16 16 59.8 8.4 0.1 
2c:tube steel S/60 - - 82 - 0 

N°3 3a:tube comp.A5mm 0 H/60 4-5 1 18.4 1.8 0.17 
3b: tube comp.A17mm H/60 14-15 14-15 59.2 6.5 0.22 
3c:tube steel H/60 - - 82 - ? 

N°4 4a:tube comp.A5mm 0 Н/30 4 1 18.2 1.5 0.18 
4b:tube comp.A17mm H/30 20-35 0 59.8 9.2 Rupt 
4c:tube steel H/30 - 82 ? 

N°5 5a:tube 2 elb.comp.B6mm 40 H/60 5 1 24 1.4 Rupt 
4B:tube 2 elb. steel H/60 - - 85 0 

N°6 6a:tube 2 elb.comp.B6mm 0 H/30 -5 1-2 23.9 . 0.15 
6b:tube 2 elb. steel H/30 - - 85 - 0 

TABLE 3 : Fire resistance of pipes 

T 150 tl5 t30 t60 

01: L1 10 mn 300 v _ 

02: L2 12 mn 180 360 
03: S1 30 mn 70 150 
04: S2 17 mn 120 >300 
05: L1+glass 10 mn 250 -  -
06: L1+ Al hyd. 11 mn 250 _ 500 -
09: Phenolic 10 mn 350 - -
12: Ll+Rockwool 117mm >30 15 22 -
13: Ll+Rockwool 59 mm 60 mn 30 70 150 
14: S1+Rockwool 59mm >60mn 15 40 90 
15: S2+Ceramic 38 mm >30 15 35 -
16: L1 30mm >60 mn 20 70 110 

T 150: Time to. reach 150°C 

t15, t30, t60: temperatures after 15, 30, 60 mn 

TABLE 4 : Fire resistance of panels 
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Temperatures 
in the oven(l), at the 
interfaces and in the 
PVC core (2), and on 
the nonexposed side (3). 

FIGURE I : Fire resistance tests on panel 15 
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THE NATIONAL PROJECT ON COMPOSITE 
MATERIALS IN NAVAL TECHNOLOGY* 

M. BAUDIN 1 

Abstract - This communication presents a research programme 
concerned with the behaviour ofcomposite materials used in marine 
structures, including properties, calculation methods, fire behaviour, 
and fabrication. Conclusions from this project will be presented in the 
form of recommendation cards which will help French manufacturers 
to obtain gains in productivity, competitiveness and quality. 

key words : marine composite, monolithic, sandwich, properties, fire, 
calculations. 

INTRODUCTION 

SITUATION AT THE TIME THE PROJECT WAS SET UP 

French manufacturers of recreational, fishing and utility boats in 
composite materials are leading manufacturers in this type of 
construction but significant improvements are possible on account of 
the special nature of the materials involved. 

In order to seek such improvements, a research programme 
overseen by the Ministry of Industry (Ministère de l'Industrie), was set 
up in order to improve the knowledge of composite materials in 
shipbuilding. The program is intended to result in gains in productivity, 
competitiveness and quality through: 

- a reduction of production costs in the building of small and medium 
sized boats due to improved optimization of the project. 

- a reduction in repair problems. 

- standardization in the construction and production of boats. 

- improved quality assurance in production. 

* Translated from the French original 
1 Director, Bureau Veritas Research & Development Centre, France. 
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OVERALL AIM 

The overall aim of current research is to develop methods and 
means to help designers and shipyards in choosing materials in order to 
obtain a resistant structure while at the same time taking into account 
construction and operation constraints by keeping costs as low as 
possible. 

To reach this goal, it is necessary to go through five research 
themes. There is to be effective interaction between the research themes 
at all times. 

The research themes are as follows: 
1 - State of the art 
2 - Properties of materials 
3 - Calculation methods 
4 - Fire behavior 
5 - Fabrication 

These theoretical and experimental studies are intended to result in the 
drafting and distribution of practical recommendations which can be 
easily used by industrial firms. 

MEANS DEPLOYED 

To carry out the research, the following companies and 
associations have joined together to provide technical services, and/or 
contribute financially, and/or supply the necessary materials for the 
project: 

- Bureau Veritas, project coordinator and technical coordinator of 
project research themes 1 ("State of the art”) and the final document 
("Recommendations"). 
- Groupement d'intérêt Scientifique Composites, technical coordinator 
of project theme 2 ("Properties of Materials"). 
- Institut de Recherche de la Construction Navale (IRCN), coordinator 
of project theme 3 ("Calculation methods.") 
- IFREMER, technical coordinator of theme 4 ("Fire behavior"). 
- INERN. 
- Service Technique des Constructions et Armes Navales 
(DGA/DCN/STCAN). 
- Fédération des Industries Nautiques (FIN). 
- Shipyards (16 in total) 
- Companies Chomarat and Induplast. 
- Société Bourguignonne de Plomberie Industrielle (SBPI). 
- Laboratoire National d'Essais (LNE). 
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- Universities and Grandes Ecoles: Université de Montpellier, Ecole 
Centrale de Nantes, Ecole Centrale de Lyon. 

All the research is overseen by a committee comprised of 
representatives from the Ministry of Industry, the Ministry of the Sea 
(Ministères de l'Industrie et de la Mer), and the associations and 
companies listed above. 

In addition, the project works in cooperation with the following 
specialized international associations: 
- the International Maritime Organization (IMO). 
- the International Association of Classification Societies (IACS). 

PROGRAM 

STATE OF THE ART 

The aim of this study, which has already been completed, was 
to select solutions suited to the specific problems posed by marine 
applications for fishing, recreational and passenger boats. 

The paper studies regulatory aspects, the properties of the 
materials, fabrication and costs. It was completed with the help of 
many shipyards which agreed to receive "investigation engineers" from 
companies taking part in the project and/or to answer a questionnaire. 
As the paper was being drafted, we found it necessary to go beyond the 
field of shipbuilding in order to categorize the materials in comparison 
to existing materials and, to draw if possible, from design, 
manufacture, and control procedures used in other transport sectors. 

The paper therefore looks into current constructions and slightly 
more innovative methods, the fabrication of which seemed possible 
without disrupting the organization of the shipyards. 

Since the National Project on Composites is aimed at seeking 
improvements in the area of naval composites, the State of the Art 
document is an evolving text which will be continuously updated. 

PROPERTIES OF MATERIALS 

The aim of this study is to direct attention towards the properties 
of the final material, as a priority, in order to : 
- determine their characteristics under static and dynamic loads as well 
as studying related damage; propose simplified test methods that can 
possibly be carried out on site; 
- measure the physico-chemical properties needed to model mechanical 
behavior, and detect any anomalies linked to fabrication; 
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- select non destructive testing methods (NDT) applicable on site under 
construction conditions (for small and medium-sized businesses and 
industries). 

To reach this goal, the proposed studies were broken down into 
4 stages: 

Stage 1: Choice of materials 

The materials were chosen in cooperation with the "Fabrication" 
group on the basis of the surveys conducted during the "State of the 
art" stage. Two monolithic laminates and two sandwiches 
representative of mass produced and cottage industry constructions 
were chosen (table 1). 

Stage 2: Standardized tests 

Physico-chemical tests 

The tests, which have already been completed, were necessary 
in order to check fabrication quality and to provide modelling data. 
Two series of tests were conducted. One series was conducted on 
materials chosen as a result of the state of the art stage. Another series 
was conducted on materials whose composition is identical to that of 
monolithic materials but of different manufacturing origin (see table 1). 

The test results are summarized in table 2. They cover the 
following measures: 
- thickness, 
- void diameter, 
- void content (microscopic observation), 
- fiber rate by burn-off 
- water absorption 
- Tg transition temperature 

The analysis of the obtained results allows us to draw the 
following conclusions: air bubbles were more or less numerous except 
for 2 samples, excessive void rate for certain samples, high scatter in 
the glass volume fraction values. 

Standardized mechanical tests 
The aim of the tests carried out was to determine the necessary 

characterization data in order to subsequently introduce this information 
into the calculations. 

0- 90° tension tests 
The tests were carried out on 2 monolithic plates and two 

sandwich panels. Test results are summarized in table 3. 
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Delamination under bending tests 
The tests were carried out on 2 monolithic plates, L1 (Rovimat-

ortho) and L2 (quadriaxial-iso). The average shear stress value for L1 
was 17MPa (standard deviation: 1.06 MPa). The average shear stress 
value for L2 was 24.1 MPa (standard deviation:. 2MPa). 

Four-point bending tests 
The tests were carried out on sandwich materials S1 and S2. 

The deformations measured allowed us to calculate the skin moduli of 
the beam. For S1, an average flexural strength of 847 N.m2 was 
obtained (standard deviation: 56 N.m2). For S2, an average flexural 
strength of 1340 N.m2 was obtained (standard deviation: 165 Nm2). 

In-plane shear tests 
The first tests were carried out on monolithics L1 and L2. Table 

4 shows the average values obtained and the standard deviation for 
each average. It was noticed that the test pieces broke mainly vertical to 
the hole by shearing by the fastening screw. Stress t cannot therefore 
be considered as the shear strength but only as a minimum value of 
shear strength. 

Tests, which proved to be very tricky, were also carried out on 
sandwich materials S1 and S2. For S1, an average shear stress value of 
40.4 MPa was obtained (standard deviation: 4.25 MPa). For S2, an 
average shear stress value of 19.1 MPa was obtained (standard 
deviation: 2.39 MPa). 

In-plane compression tests 
For S1 an average stress of 48.2 MPa was obtained. For S1 an 

average stress of 17.4 MPa was obtained. For S1, in general, the two 
skins break at the same time under compression. This is accompanied 
by the spilling out of the materials which results in the shearing of the 
core in the very localized fractured zone. For S2, in general, the rough 
skin breaks by local buckling vertical to the joint between two foam 
blocks. 

Comparison of the mechanical behavior of the 14 panels 
provided by shipyards: 

The tests carried out were of two types: 
- tension tests 
- interlaminar shear tests 

For the tension tests, the scatter in moduli values is relatively 
low and the coefficients of variation were below 15% for all the panels. 
For shearing, on the other hand, there is a great difference between 
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panels (average values between 14 and 35 MPa). A more detailed study 
is currently in progress in stage II). 

Stage 3 - Determining the defect threshold 

This study is currently in progress. Its aims are to: 
- define a criterion of first damage and to evaluate a confidence interval 
related to such a criterion on the basis of destructive tests followed by 
different non destructive testing methods. 

- study the mechanisms involved during the damage stage. 

- look into the possibility of using various non destructive testing 
methods to detect damage. 

Stage 4 - Creep tests, damage tests under repeated loads, 
impact tests 

These three types of tests are planned for a later stage. 

CALCULATION METHODS 

This study is currently in progress. Its aims are to: 
- carry out major information gathering on existing numerical tools and 
validation of numerical tools, by not narrowing its scope to the 
theoretical content of the tools but instead by specifying the context of 
their application. This will allow the user to know what a given tool can 
contribute, at what price and under which conditions. 

- validate numerical tools on the basis of the measures obtained from 
actual experience or from test pieces. 
- draw up recommendations on usable methods and the use of the 
results obtained through those methods. 
Finally, to pinpoint the shortcomings of existing tools in order to 
propose the most urgently needed theoretical and numerical 
developments in a later program. The study was restricted to the 
materials mentioned previously. To reach this goal, the proposed 
studies were broken up into 5 stages. As of this writing, only stage 1 
has been completed. Phases 2, 3, and 4 are currently in progress. Stage 
5 will be carried out at a later time. 
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Stage 1: Detailed analysis of existing methods 

There are 3 main types of tools for calculating composite 
material structures: 

- material characterization software, 
- simplified software, 
- finite element codes. 

A detailed evaluation was carried out for each tool falling within 
the 3 main types of tools. This was done by: 
- drawing up an evaluation table, 
- analyzing the tool according to the evaluation table, 
- summarizing the evaluation. 

Stage 2: Case studies and test coupons 

In this stage, we are working to determine, through 
calculations, the behavior of the test pieces furnished by the shipyards 
and which were tested experimentally by the "Materials 
characterization" group. The work is being carried out on the basis of 
5 to 6 test specimens. The steps in this stage are: 

- definition of case tests, 
- numerical study of the test pieces, 
- analysis of calculation/measurement correlations 

Stage 3: Structural elements case test study 

In this stage, we are comparing the selected numerical tools, 
and in particular, the finite element codes based on the analysis of 2 test 
cases carried out on the materials selected for the program and which 
were tested before. Two studies are planned: a study of a circular 
plate.and a study of a stiffened element with 6 different finite element 
codes. The calculations will specify the displacements and deformation 
for several points. The steps of this stage are: 
- the definition of test cases in cooperation with the shipyards and the 
definition of the parameters to be introduced, 
- the carrying out of calculations (modelling, resolution, analysis of 
results) for each software. 
- comparison and analysis of the results. 
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Stage 4: Calculation/measurement correlations for 
structural elements 

Since the structural elements are tested by the "Materials" 
group, the aim of this stage is therefore to draw up 
calculation/measurement correlations for each of the cases considered 
given the problem of the methodology for using the results and, in 
particular, the analysis criteria of those results. 

Stage 5: Damage laws 

In this study which is planned to take place later, the domain of 
the validity of laws of damage and failure criteria used customarily, is 
to be studied in detail. Other laws of damage and failure criteria may 
also be studied. The results of this stage will be the principal elements 
that will guide the user in the analysis of the results of a calculation. 

FIRE BEHAVIOR 

This part of the program has been completed. 

Aims: 

The program's goal was to compare shipbuilding regulations 
with other regulations and to propose improvements. It also consisted 
of several series of tests intended to obtain more extensive knowledge 
of the properties of the materials which are currently manufactured or 
used by shipyards and to propose possible improvements at reasonable 
cost. The program was divided into 2 parts (structural materials for 
hulls, decks and bulkheads, and pipes) and was carried out in 4 stages. 

Stage 1: Overview of fire behavior regulations 

Composites are governed by several different fire behavior 
regulations which means that there are also several different procedures 
for obtaining approval for materials, for the choice of tests. This also 
leads to different performance requirements. An overview of existing 
fire behavior regulations in the construction and transportation 
industries was carried out. In particular, the study analyzed the 
approach used in ground transports and aviation with respect to fire 
behavior regulations. The overview also presents international and 

308 



French maritime regulations for the three types of ships targeted by the 
National Project: recreational, fishing and passenger boats. 

Stage 2: Structure materials, choice of parameters, and 
test methods for fire behavior tests 

International regulations require fireproofness and set down 
criteria for fire behavior for walls and doors depending on the location 
of walls and doors in the boat. Other properties are simply mentioned 
but not specified. Inflammability, flame propagation, the giving off of 
smoke and the nature of flue gases must be taken into account. 

Several standard methods exist. They were applied to samples 
selected during the state of the art stage as well as to other materials 
used solely for inside partitions and for pipes. The tests were carried 
out on 11 materials in the form of plates or tubes supplied by the 
shipyards. The characteristics of these materials can be found on table 
6. 

Stage 3: Panel fire behavior tests 

The tests were carried out on bulkheads manufactured by the 
shipyards. The tests were intended to evaluate performance in sea 
conditions by using the Solas curve which is usually used to simulate 
fire on board a ship and, by observing the behavior of the structures 30 
and 60 minutes into the test. 

A first series of tests known as prospective tests, was carried 
out on 17 plates. A second series of tests known as IMO tests (4m2 

plates) was carried out on a bulkhead and two decks in sandwich 
materials. 

Stage 4: Pipe tests 

The development ot a testing method for plastic and composite 
pipes was proposed in connection with this program (in connection 
with the activities of the IMO). Such a test would allow selecting pipes, 
accessories and assembly methods that ensure the desired fire behavior. 

The tests were conducted in an oven in a center specialized in 
filament-wound epoxy glass pipes. The pipes were 4m in length and 
had an inside diameter of 100 to 110 mm.. Both pipes with elbows and 
no elbows were tested by laying them horizontally on metallic 
supports. All the tests were conducted on empty or water-filled pipes 
with a flow rate of 40m3/h. Two curves were used: 
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- the SOLAS curve which simulates temperature variations in the event 
of fire in the machine room of a ship, was adopted by the IMO. The 
curve is similar to the ISO curve used in the industry. 

- the H curve or hydrocarbon curve which simulates hydrocarbon fires 
and which is used by the IMO in pipe tests. 

Comments on pipe tests 

The tests were the first conducted in France under marine 
application conditions. They allowed a first experience with respect to 
the choice of materials, accessories, assembly, test methods and 
material performance (behavior, fire behavior and pressure, fire 
resistance). 

The tests resulted in the drafting of a summary for presentation 
at the IMO (Design and Fire Protection groups). 

The tests confirmed the high-performance of the water-filled 
pipes and the poor fire behavior of the empty pipes. 

Prospective test conclusions 

Monolithics 

- the fire resistance of a 5 to 8 mm glass/polyester bulkhead is 
poor. 

- an increase in thickness greatly improves fire resistance. 
- improvements tested on thin laminates (reinforcing of the 

outside glass layer, 10% aluminium hydrate load) are not sufficient in 
those conditions to obtain noticeably improved performance. 

- the phenolic laminate subjected to the same conditions (thin 
monolithic) does not result in improved behavior. 

Sandwich materials 

The behavior of sandwiches is very suitable, especially balsa 
sandwich S 1 which could obtain the F classification without the need 
for further protection against fire. However, the balsa wood is half 
burned before the end of the test. 

The PVC sandwich is more sensitive to high temperatures than 
is the balsa sandwich. 
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IMO test conclusions 

The two tests carried out were recorded in a report in which the F 
classification was granted to sandwiches S1 and S2. 

Test procedures conclusions 

- IMO resolution A517 is ill suited to composite materials 
because it characterizes the aptitude of the wall or the deck as 
preventing the spread of fire without taking into account the 
progressive destruction of the wall which leads to a weakening of the 
structure. 

- The small oven procedure used to carry out prospective or 
comparative tests on materials or, on insulations, is very adequate. The 
procedure is much more economical and flexible than the IMO method. 

- The big oven may be used only for tests where the dimensions 
of the tested materials warrant it. 

- For composites, it would be interesting to load down the 
panels during the test in order to detect the loss in mechanical properties 
over time. 

- All the tested materials give off great quantities of smoke. This 
factor should therefore be taken into account first. 

- The time factor is important in the giving off of smoke and it 
should be taken into account in the related toxicity tests. 

FABRICATION 

Aim 

The principal aim of the study is to draw up recommendations 
and directives for the fabrication and storage of the materials. To 
achieve this goal, we need to: 
- quantify the effect of the parameters which influence the fabrication of 
composite materials: formulation of basic products, storage on the 
shipyard site, laminating. 
- optimize laminating procedures in order to reduce costs and improve 
quality for the different types of ships. 
- propose an overall quality assurance procedure ensured by follow up 
records of the product (ship), of the basic material at the end of the 
useful life of the ship. The study consists of 6 stages: 

Stage 1: Characterization of basic materials 

The first stage has already been completed. Tests that should be 
carried when choosing the basic materials or when accepting them for 
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delivery in accordance with the specifications of the shipyard, were 
developed 

Stages 2,3,4, and 5: 

These stages are currently in progress. They deal with: 
- the study of basic materials the storage, i.e., the study of the influence 
of different parameters on materials storage (surroundings, 
temperature, humidity, etc.). A list of recommendations will be drawn 
up: 
- the study of laminating, i.e., the description of procedures, the 
characterization of finished products, fabrication control procedures. 
- the drawing up of recommendations connected to the construction 
details drawn up on the basis of a survey conducted with the shipyards, 
maritime engineers, and Classification Societies. 
- the drawing up of recommendations which will allow damage 
evaluation and to draw up repair methods. 
- the drawing up of recommendations dealing with maintenance and 
upkeep. 

Stage 6: 

Stage 6 deals with overall quality management. It provides for 
the drafting of a guide intended for use by shipyards covering the entire 
life of the ship (from the manufacture of basic materials up to the use of 
the ship). This stage will also deal with safety and environmental 
problems. 

RECOMMENDATIONS 

The results obtained throughout the project are collected in the 
form of recommendation files which, at the conclusion of the project, 
will be presented in such a way as to be easily used by boatyards. The 
data in these files will be concerned with the following principal 
themes: 

- Design constraints 
- Base materials 
- Material characterisation 
- Calculation methods 
- Fabrication 
- Overall quality management. 
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CHOICE OF MATERIALS FOLLOWING STATE OF THE ART 

MONOLITHICS 
Resin Reinforcement Structure 

L1 Orthophthalic Rovimat 5 RM 500.300 
(layer ext.iso) 

L2 Isophthalic Quadriaxial 6 Qx 

SANDWICHS 
Resin Reinforcement Ame Structure 

S1 Isophthalic Mat + Rovimat Balsa M300 / 2RM 500.300/Balsa 
19mm/2 RM 500 300/M 300 

S2 Isophthalic Quadriaxial PVC 2 Qx / PVC 25 mm / 2 Qx 

PHYSICO-CHEMICAL TESTS - MATERIALS USED 

Materials Characteristics of materials Description of layers 

SERIES N" 1 
1.1 Monolithic 5 Rovimats 
1.6 Monolithic L1 + Glass 5 Rovimats 
2.4 Monolithic L2 6 Quadriaxiaux 

2.5.1. Sandwich S2, Mould face 2 Quadriaxiaux 
2.5.2 Sandwich S2, Exterior face 1 Quadriaxial+1 Triaxial 
4.3.1 Sandwich S1, Mould face 2 Mats + 2 Rovimats 
4.3.2. Sandwich S1, Exterior face 3 Rovimats 

8.3 Sandwich Nidaplast 5 Rovimats 
17.2 Monolithic Phenolic 5 Rovimats 
9.1 Monolithic L1 2 Rovimats 

Roving=sergé 2.2 

SERIES № 2 (Statistical study) 
1.2 Monolithic L1 5 Rovimats 
3.6 Monolithic L1 5 Rovimats 
4.1 Monolithic L1 5 Rovimats 
5.1 Monolithic L1 3 Rovimats 
6.1 Monolithic L1 5 Rovimats 
7.1 Monolithic L1 6 Rovimats 
8.1 Monolithic L1 5 Rovimats 

Roving=sergé 7.1 ou 8.1 
10.1 Monolithic L1 5 Rovimats 
11.1 Monolithic L1 5 Rovimats 
12.1 Monolithic L1 5 Rovimats 
14.2 Monolithic L1 5 Rovimats 
15.4 Monolithic L1 5 Rovimats 
16.2 Monolithic L1 5 Rovimats 

TABLE 1 
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Reference 
Materials 

Thickness 
(mm) 

Diameter of 
voids (µm) 
(min - max) 

Void 
content 

% 
% glass 

Water 
at 1 day 

(%) 

r absorbtion 
at 7 days 

(%) 
Tg 

1.1 5,13 55-175 0,9 49,95 0,09 59 

1.6 6,97 240-575 (23,4) 49,51 

2.4 6,86 130-300 2,6 56,21 0,01 59 

2.5.1. 3,57 210-950 5,2 43,85 

2.5.2 2,80 0 0 58,00 

4.3.1. 3,79 30-220 2,5 33,82 0,25 58 

4.3.2. 3,58 35-135 2,8 38,31 0,67 58 

8.3. 5,49 45-300 0,9 23,87 

17.2 5,79 1 - 2 22,6 46,14 

9.1 5,45 50-535 10,2 45,90 

1.2 5,70 95-310 0,9 47,73 0,20 0,51 50 

3.6 5,55 40-185 4,8 45,90 0,23 0,67 58 

4.1 6,38 150 1,6 39,88 0,13 0,44 55 

5.1 4,66 55-305 1,3 45,43 0,21 0,66 55 

6,1 7,00 295 0,3 42,29 0,10 0,36 56 

7,1 7,80 70-390 1,2 40,18 0,15 0,41 58 

8.1 9,02 15-405 4,6 30,27 0,18 0,42 56 

10.1 7,77 130-260 0,3 46,33 0,12 0,36 56 

11,1 5,74 30-390 0,2 46,50 0,16 0,44 52 

12,1 7,43 40-790 0,3 38,43 0,16 0,55 51 

14.2 5,20 40-220 0,4 48,01 0,08 0,23 50 

15.4 6,21 0 0 47,59 0,15 0,51 58 

16.2 7,76 30-450 0,3 45,77 0,08 0,21 58 

TABLE 2 
RESULTS FROM PHYSICO-CHEMICAL ANALYSIS 
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Material Direction of Failure Elongation Elastic 
specimen Stress % modulus 

16/3 0 172,7 MPa 1,94 11508 MPa 
90 195,8 MPa 1,68 12559 MPa 

2/3 0 252,4 MPa 2,39 14205 MPa 
90 246,8 MPa 2,06 13338 MPa 

4/3 0 126,1 MPa 1,67 10468 MPa 
90 133,0 MPa 1,73 9538 MPa 

13/2 0 208,8 MPa 2,21 12338 MPa 
90 229,8 MPa 2,17 12939 MPa 

TABLE 3 

SUMMARY OF TENSILE TESTS 

Material Thickness G σ 
(mm) (GPa) (MPa) 

L1 
16-3 С О 7.59 (o.11) 1.24 (0.14) 38.8 (2.7) 

16-3 C 90 8.33 (0.23) 113 (0.13) 40.5 (2.1) 

L2 
2-3 C 0 6.52 (0.10) 2.97 (0.42) 49.7 (5.3) 

2-3 C 90 6.57 (0.07) 2.99 (0.22) 48.9 (2.6) 

TABLE 4 

MEAN OF VALUES OBTAINED 
& STANDARD DEVIATION FOR EACH MEAN 
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Materials № of 
yard 

Fonn and 
dimensions (mm) 

Thickness 
(mm) 

L1 1 ) 5,4 
Ll + woven ) 6,6 

Ll + filler 3 
J 
) Plaques 5,7 

L1 + intumescent paint ) 
) 300x400 

5,5 

Ll + zinc 15 ) 
) 76x76 

6,0 

Phenolic 17 ) 5,3 

S1 16 
J 
) 
) 

27,5 
to 25,0 

Black tube 18 diameter 11,5 cm 
length 7,7 cm 

 4,9 

Yellow tube 19 diameter 11,0 cm 
length 7,7 cm 

 4,8 

L2 6 ) 
) Plaques 
) 300x400 

8,3 

S2 6 ) 76x76 
) 

32 
to 25,0 

TABLE 5 
DEFINITION OF MATERIALS 

Reference 

materials 

Class 

F 

Cl 

Class 
June 1983 

ass M 

Class 
Aug. 1991 

Ll F2 M4 M4 
Ll + woven F1 M4 M4 
L1 + filler F2 M4 M4 

Ll + intumescent paint F1 M4 M4 
Ll + Zn F3 Ml Ml 

Phenolic F1 Ml Ml 
(surface rough) 

М2 М2 
[surface smooth) 

S1 F3 M4 M4 
Black tube F1 М3 М2 
Yellow tube F2 М3 М2 

L2 F1 M4 М3 
S2 F3 M4 M4 

TABLE 6 

FIRE CLASSIFICATION OF MATERIALS 
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Nautical construction with composite materials. Paris, December 7th to 9th 1992 
IFREMER, Actes de colloques n° 15, paper n° 30 
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LOCATION OF BONDING DEFECTS IN SANDWICH 
STRUCTURES* 

L. DA ROLD1, E.BLANCO 2 

Abstract - One of the major defects that can be found on composite 
sandwich structures is poor bonding of the core on the exterior skins, 
particularly with the technique of bonding under vacuum. Therefore, 
we have looked at all the possible means of detecting these bonding 
defects, with two objectives: to be able to control integrally a piece of 
large dimensions, and to be able to control the piece in the course of 
manufacturing, that is to say after the bonding on the first skin. All of 
the non-destructive test methods now known have therefore been 
tested, and in particularly infrared thermography, ultrasonic control, 
and acoustic methods. This study, carried out in collaboration with the 
CETIM, the STCAN, Aerospatiale and other laboratories and 
companies without non-destructive controls, has made it possible to 
give an exhaustive state-of-art on the subject. Today, several methods 
seem promising. Among them one, developed by the Rolls Royce Mat 
Eval company, seems easily adaptable right now to the search for 
bonding defects in sandwich structures. 

Key words: sandwich structure, non-destructive control. 

THE BONDING OF A SANDWICH CORE AND ITS DEFECTS 

The Fountaine Pajot yard today builds the majority of its 
catamaran structures with PVC foam/glass fiber laminate sandwich. 
On a first skin of laminate, moulded on a female mould and then 
polymerised, the foam is bonded under vacuum with a lightened 
polyester adhesive (microspheres). The foams used are of closed cell 
PVC type, in plane or squared plates, of 15 or 20mm thickness. The 
interior skin is then directly laminated on the foam with perfect 
adherence. Though this method permits an excellent bonding globally, 
local defects can appear under certain conditions. 

Translated from the French original 
1 STE FOUNTAINE PAJOT - Technical responsibility for manufacturing 
2 E.N.S. CACHAN - Student-teacher 
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First, if there are surface defects on the top skin (significant 
overlapping of fabric, different grains, etc.) or a too great curvature of 
the piece requiring a local deformation of the foam which its stiffness 
does not allow (particuarly for foam panels ) ; An occlusion is then 
formed between the foam and the polyester skin (fig. 1). Second, if the 
gelification of the adhesive is locally reached before the vacuum 
process is completely finished. The foam is then only bonded on the 
crests left by the teeth of the comb during the coating of the layer of 
adhesive. 

These local defects have never provoked any structure 
problems on our catamarans. However, sun exposure of non bonded 
zones causes the expansion of the gas contained inside (in particular 
styrene), and the pressure makes the thin exterior skin bulge. These 
"blisters" affect both the aesthetics of the boat and the client's 
confidence in its quality. 

An indication of repairing costs is as follows: 
- Level 1 : Repair during manufacturing at the time of 

bonding, cost of order 1. 
- Level 2: Repair at the end of manufacturing, before the boat's 

departure from the yard, cost of order 10. 
- Level 3: Repair for clients, cost of order 100. 

To avoid having to repair the defects at the third level, they 
must be detected at the second, or even the first level. Today, a 
manual control is systematically performed at this step: the operator 
"rubs" or "taps" the foam with his fingers or a small instrument and 
listens carefully to the resulting sound. With a little practice, the 
perceived differences enable the defect zones to be found. This 
control, of course, remains very "subjective". It is subject to too many 
imponderables to be truly reliable: qualification and concentration of 
the operator (and his ears!), surrounding sounds. The aim of the 
present study is therefore to find a more effective control system. 

REQUIREMENTS FOR THE CONTROL METHOD 

APPLICATION 

As potential defects represent some tenths of percent of the 
bonded surfaces, the objective is to control the whole of all the bonded 
foam surfaces of all the pieces. This involves the following elements 
of the design requirements: 
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- Non-destructive control 
- Workshop equipment and not laboratory equipment, i.e.: 

- designed to work in a workshop environment accessible to 
diverse operators of medium qualification permitting the control of 
large pieces up to 16m x 8m 

- rapid, given the large areas to be checked. 

CONTROL LEVEL: 

Because of the repairing costs explained above, the aim is to 
control the component before lamination of the second skin on the 
foam. The piece is then in its mould, whose constitution, form, and 
reinforcements are very diverse. Only one side is therefore accessible 
for control: the foam that was just bonded (fig.1). If the control at 
level 1 proves impossible, control at level 2 will be envisaged, that is 
to say when the boat leaves the yard, or when the component has left 
the mould. In this case also, only the exterior side (gel-coated side) is 
available for control as the inside of the boat is already partitioned and 
the adjoining parts are installed. 

LIMITATIONS OF CONTROL 

The minimum size of the defect to be detected is the size of the 
defect provoking a blister of visual detection limit size, i.e. 
approximately 25mm. Concerning the reliability of the control, as the 
defects represent a very small percentage of the bonded surface, it 
must be very close to 100%. 

APPLICATION OF NON DESTRUCTIVE CONTROL 
METHODS TO THE PROBLEM 

X-RAYS 

Principle: 

A source emits a beam of x-rays of homogeneous intensity 
which passes through the component. A receiver, located on the other 
side, records the differences of intensity of the emergent ray. It is 
either a sensitive film (radiography) or a fluorescent beam 
(radioscopy). 
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Assessment: 

This method, very onerous to apply, requires transmission 
through the piece. Therefore, it can not be applied to the current 
problem. 

HOLOGRAPHY 

Principle: 

While the piece is locally loaded (heating, pressure variation, 
shock) the classic interferometric principle enables the response of the 
piece to be recorded. Different systems exist: double exposure, real 
time, averaged time. 

Assessment: 

Holography requires a perfectly stable surrounding which is 
difficult to achieve in a workshop, even when using a pulsed laser. It 
is also a method which is time-consuming to apply and rather delicate. 
Nevertheless, tests have been performed in collaboration with the 
HOLO 3 company (1): the materials of the sandwich are too stiff and 
too thick to detect defects with this method, whichever access side is 
available. 

ULTRASONICS 

Principle: 

The source transmits ultrasound into the component through a 
couplant. The captor is located either on the other side of the piece 
(transmission principle), or on the same side as the source (pulsed 
echo principle). 

Assessment: 

The different non-destructive control methods by ultrasonics 
are already very well-known and reliable for the search for voids or 
"inclusion" type defects in monolithic composites. As the 
implementation part of the design requirement is satisfied by the 
"pulsed echo" type method, tests on test pieces have been performed 
with the CETIM at Nantes (2). No detection has been possible on the 
foam side. Complementary consultations with the CETIM of Saint-
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Etienne (3) and Aerospatiale confirmed this result: First, the foam is 
too absorbant, second, the coupling is very difficult to achieve 
between the source/receiver and the foam. The tests on the gel coat 
side have, on the other hand, given encouraging results. 
Complementary tests should however be performed to validate the 
true reliability of this control. The problem of the couplant, which 
would require a special installation, remains: pool, spraying systems, 
etc. 

INFRARED RADIATION 

Principle: 

A thermal (infrared thermography) or mechanical 
(vibrothermography) stimulation of the component provokes a heat 
emission from it. The defect in the component modifies its thermal 
conductivity, and therefore its infrared emission. The thermal analysis 
(infrared camera) records this emission. 

Assessment: 

Today, this method is undergoing widespread development for 
non-destructive control. Our research has brought us into contact with 
several contributors in this area: the LNE (5), the MECICA company 
(6), the CETIM of Saint-Etienne and the STCAN (7). Advanced tests 
have been performed with the two latter. 

On the foam side no result was obtained. Its thickness is too 
great to permit the local thermal heterogeneities to be transmitted 
through the foam without being completely warped. But on the gel 
coated side, the defect detection was already at an excellent level in 
initial tests. A few adjustments would probably enable us to obtain the 
required maximal reliability. 

Though this method remains quite difficult to implement, it 
has the great advantage of being global. It enables the visualization of 
a whole surface rather than a point or a line of points as in the 
ultrasonic control. 

TAPPING, "TAPOMETRE" 

Principle: 

The principle of this device is simple: a calibrated hammer 
creates a shock on the piece to test, an accelerometer records the data 
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of this shock (amplitude and frequency) and sends them to an 
electronic system that treats the emitted signal. The control is made by 
comparison. After recording and calibration of a zone without defects 
on the piece to be tested, the hammer is moved all over the surface. At 
each impact point a comparison percentage related to the calibrated 
signal is calculated. The notion of defect is defined by an admissible 
difference of echo. 

Assessment: 

Developed by the English company Rolls Royce Mat Eval (8), 
this device was initially intended to control the structural integrity of 
metallic materials or monolithic composites. Portable, and very easy 
to use, it corresponds perfectly to the implementation part of our 
schedule of conditions. The first tests of this device were carried out at 
the yard with a standard demonstration device. After only a few 
minutes of adjusting only the defects of the test pieces were perfectly 
detected on the gel coated side. So the standard tapometer exactly 
answers the problem posed for the gel-coated side. 

On the foam side, the device seemed to detect a difference of 
echo, but we are at its limits of use because the materials are too 
absorbant. The emitted signal is too low and its amplification 
insufficient. The results were however encouraging enough for the 
company Rolls Royce Mat Eval, interested by a new development of 
their equipment, to study the modification that would answer the 
problem of interest. The analysis of the tests show that the principle is 
usable. Three aspects of the device would have to be changed. First, 
the present hammer is too small as the contact surface during the 
shock is smaller than the size of a foam cell. Therefore, the contact 
surface must be increased, consequently increasing the hammer size. 
Second, the shock is too long (amplitude too low), inspiring the idea 
of manufacturing a lighter hammer. Third, an adaptation of the 
electronics in order to treat this new signal must be envisaged. 

The engineers of Rolls Royce Mat Eval are in fact very 
confident in the chances of thus obtaining the ideal device to answer 
our problem, especially as this new type of shock would enable 
sufficient simplification to be able to envisage a multiple head, at 
reasonable cost, which could considerably reduce the duration of the 
control. 
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CONCLUSION 

At the present stage of research on non-destructive controls, only one 
method seems to be usable to detect bonding defects from the foam 
side : an advanced tapometer. The order of cost of the development 
and implementation of the device is today of five hundred thousand 
francs. Concerning the control on the gel coat side, three techniques fit 
the design requirements : 
- Standard tapometer, for a cost of approximately a hundred thousand 
francs. 
- Ultrasonic control, for a cost between a hundred and five hundred 
thousand francs. 
- Infrared thermography control, for a cost of one to two million 
francs. 
The ultrasonics and the infrared thermography have a lot of 
advantages, especially the latter which permits a real mapping of the 
component being controlled. But the tapometer, standard or 
redeveloped, is proving to be an excellent means to control bonding 
defects in sandwich structures. With a very reasonable cost, it is easily 
within the reach of our sector of leisure nautical construction whereas 
non-destructive controls remain a domain which is hardly developed. 

(1) HOLO 3, Saint Louis (68) - M. Smiglielski (person responsible). 
(2,3) Centre d'Etudes Techniques des Industries Mécaniques CETIM, 
Nantes, Mr Lemascon & Texier (non Destructive Control using 
ultrasonics), CETIM Saint Etienne, Mr Gonzales (Infrared 
thermography). 
(4) Aérospatiale, Les Mureaux (78), Mr Caillez (Non destructive 
control). 
(5) Laboratoire National d'Essais, Trappes (78), Mr. Spellier (Infrared 
thermography) 
(6) Mecica, Reims (51), Mr Henry, (person responsible). 
(7) Service Technique des Constructions et Armes Navales, Paris (75), 
MM Lesbre & Potet (NDT, Infrared thermography). 
(8) Rolls Royce Mat Eval Ltd., Raynes Way, Derby, GB, Mr Kirby 
(European Sales Manager), and Mr. Orrel (Systems Manager). 

- Compte Rendu des 5èmes journées de l'INERN, 1990 : Contrôles 
non-destructifs par thermographie photo thermique, p84, Les méthodes 
d'essais non-destructifs pour le contrôle des sandwich, p77. 
- Les matériaux composites, 1983, CETIM, Contrôle qualité, tome II, 
chapter 8. 
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APPLICATIONS OF INFRARED THERMOGRAPHY TO NON 
DESTRUCTIVE CONTROL OF COMPOSITE MATERIALS 
USED IN NAVAL CONSTRUCTION* 

F. LESBRE 1 P. POTET 2 F. ARTIGA 1 

Abstract - Composite materials used in naval construction use mainly 
glass fibres and fabrics and epoxy resins for monolithic structures and 
syntactic foams or balsa wood for the core of sandwich structures. 
Traditional non destructive testing (NDT) methods such as ultrasonics or 
radiography do not always ensure a complete check of the structure, 
principally due to the strong heterogeneity of these materials. In orderto 
improve this situation the DCN has developed a test method based on 
the use of active infrared thermography. The technique consists of 
illuminating the structure with a powerful lamp and observing the 
cooling of the surface with an infrared camera. Defects present act as 
obstacles to heat transmission in the material and cause thermal 
anomalies on the surface which are detected by the infrared camera. This 
method, developed initially in the laboratory as a prototype, is now used 
industrially in a DCN shipyard. This paper describes first the basic 
principles of the technique and laboratory applications. Two industrial 
applications are then presented, the control of deck structures at DCN 
Lorient, and the control of a glass-epoxy coating on a transmission shaft. 

Keywords : infrared, thermography, NDT, submarine, sandwich. 

INTRODUCTION 

The DCN ("Direction de Constructions Navales"), uses 
composite materias for anti-mine vessels or submarine superstructures. 
The materials used are generally glass fibres with an epoxy resin or 
polyamide matrix. According to the application monolithic or sandwich 
materials are employed, and for the latter the sandwich core is made of 
syntactic foam or balsa. Glass-resin materials are also used for corrosion 
protection, and notably for submarine propeller shafts. In this case the 
areas susceptible to corrosion are coated with layers of composite 
several millimetres thick. 

* Translated from the French original. 
1 STCAN/MSN Paris, France. 
2 CEDIP, Marne la Vallée, France. 
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The traditional techniques of non destructive control, such as 
ultrasonics or radiography, are not well suited to the control of glass-
epoxy composites for the following reasons : 

- Glass-epoxy resin composite structures consist of sub-structures 
of size similar to the wavelength of ultrasound. This results in a 
dispersion and considerable attenuation of the acoustic waves. Low 
frequency ultrasonic transducers are therefore required, which reduces 
resolution. 

- The defects in these materials, principally delaminations, are 
not directly detectable by radiography. When they are open at the 
surface a zinc iodide penetrant may be used. 

The DCN has therefore developed new methods of NDT over the 
last ten years which are suited to the quality control requirements of 
these new materials. Among these methods are infrared thermography, 
hyper-frequency and mechanical impedance methods. 

NDT USING INFRARED THERMOGRAPHY 

NDT methods involving infrared thermography use an infrared 
camera and an illumination system which heats the component to be 
controlled. The cameras used are sensitive to the two principal bands of 
wavelengths, short infrared (3 to 5 µm) and long infrared (8 to 12 µm). 
In order to control glass/resin materials the illumination systems are 
quartz radiating tubes, of electrical power varying between 1 and 20 kW. 

When a composite structure is illuminated by a short luminous 
flux the light is absorbed on the surface and transformed into heat. 
Diffusion of this heat takes place throughout the volume of the structure 
and defects present act as barriers to diffusion, which results in hot 
points in line with the defects on the surface. When the camera observes 
the back face of the structure (with respect to the light source) the 
presence of these thermal barriers is revealed by cold points. 

The DCN has developed a control system for composite 
materials using this system. Figure 1 shows the set-up, which consists of 
the following components : 

- An infrared camera, sensitive in the (3 to 5 µm) range, cooled 
by liquid nitrogen. 

- A surface heating sytem using a focussed quartz tube of 5kW 
which allows photothermal energy to be applied to a line of material. 

- A support system allowing the quartz lamp to be moved at 
different speeds. 
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NDT CONTROL OF SUBMARINE DECKS. 

An industrial application of this technique has been developed at 
the DCN Lorient. Submarine deck structures, intended to cover certain 
parts of the hull, are made of sandwich composite materials. The 
structure consists of a glass-resin skin and a syntactic foam core. The 
skin thickness varies between 8 and 15 mm. The skin-core bond is 
guaranteed by a mastic approximately 2 mm thick. These structures are 
large, typically 3m by 5m, and rest on the floor. The fabrication 
difficulties for this type of assembly result in imperfect adhesion at the 
skin-core interface, and in particular to shrinkage in the mastic. 

The first thermographic tests carried out in the laboratory on 
reference specimens detected numerous defects at the skin-core 
interface. After examination the assembly process was reviewed. A new 
fabrication method was installed. 

Figure 2 is an enhanced colour thermograph which corresponds 
to the image of a defect at the skin-core interface of the sandwich. 

NDT CONTROL OF TRANSMISSION SHAFT COATING. 

In order to protect certain components against corrosion, the 
DCN coats submarine transmission shafts with composite layers. The 
quality control and integrity of this coating is important to assure the 
corrosion protection. 

A partial control method has been developed using infrared 
thermography. The method consists of illuminating a generating line of 
the shaft to be controlled and observing the opposing generator with an 
infrared camera. The shaft is rotated and the camera studies, after half a 
turn, the heated generator. The speed of rotation of the shaft is 
determined such that the heat can diffuse completely through the 
composite coating in half a turn. Figure 3 shows a thermograph of a 
complete rotation of a shaft section. The presence of thermal anomalies 
marked by hot points on the surface may be noted. 
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Figure 1. Vue du banc de thermographie développé au groupe MSN. 
Thermography set-up developed by MSN group. 

Figure 2. Thermogramme en fausses couleurs d'un défaut dans un composite sand-
wiche verre-époxy/mousse syntactique. 
Thermo graph showing a defect in a glass/ epoxy composite/ sandwich. 
Syntactic foam. 
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Figure 3. Thermogrammes représentant la surface développée du revêtement CVR d'un 
arbre porte-hélice. 
Thermographs showing developed surface of GRP coating on propeller shaft. 
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THE QUALITY OF ULTRASONIC CONTROL OF 
COMPOSITE MATERIALS USED IN NAVAL 
CONSTRUCTION 

J. C. LE HIRE*, F. CANCRE** 

Abstract.- Ultrasonic non-destructive testing is frequently used for 
composite materials. Concerning shipbuilding materials, the 
observation of the echograms reveals significant acoustic noise which 
impairs the detection of defects. The usual practice of analysing 
individual echograms is therefore inadequate. A method based on the 
intercorrelation function has therefore been developed and tested. The 
results should allow a classification of materials based on a criterion of 
the quality expected for each material. 

Key words - marine composite, non-destructive testing, ultrasonics. 

INTRODUCTION 

Many non destructive testing techniques exist. Each of these 
techniques has its advantages and disadvantages. The essential 
advantage of ultrasonic control is that it can be implemented without 
needing an entire laboratory, which is a determining factor when tests 
need to be carried out on a ship in use. 

The Bureau Veritas Research and Development Center (Centre 
de Recherche et de Développement du Bureau Veritas) and Contrôle 
US which specializes in the manufacture of ultra-sonic equipment, have 
undertaken an experimental study of the propagation of sound waves in 
composite materials. In the first stage materials, in which no defects 
were deliberately introduced, were considered to be sound. The 
following stage will deal with the detection of delaminations. 

Translated from the French original. 

Engineer, Bureau Veritas, Paris, Research & Development Centre 
**Director, US Controle, Orsay Université, France 
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DESCRIPTION OF TESTS 

The tests were conducted by immersion using pulse echo 
testing. The emitted wave reflects and diffracts each time it hits an 
interface or a diffuser (see fig. 1). Porosity, inhomogeneous fibers, 
voids and, resin rich areas are all features which alter the propagation 
of sound pressure waves. In the flow of energy which comes back to 
the transducer, only that noted as E6 is significant of the characteristics 
of the structure penetrated by the waves. It is therefore important for 
the transducer and related electronics to be able to extract E6 accurately 
from the noise. 

The test bed was made by Contrôle US. It uses a micro-
computer driven digitizing transceiver. Transformation was carried out 
on 256 levels at 96 MHz or at 4096 levels at 40 MHz. Three focused 
sensors were used (see table 1). 

A test is made up of 30 pulses. The sensor is moved by 1mm 
along the length of the piece after each pulse. 

The tests were carried out on a group of 54 different samples 
containing no simulated defects. The samples came from aeronautics, 
industry and shipbuilding. It was deemed more reasonable to conduct 
the first study on samples considered sound and to draw preliminary 
conclusions from the first study. A later study will be conducted on a 
small number of samples containing known defects such as 
delaminations, porosity, resin-rich regions or microcracks. 

Echograms collected from the digitizer supplied results which 
could be used directly. The echograms were the starting point for 
finding a processing algorithm. Five essential echograms are given 
(fig.2 to 5), from the aluminium echogram which was used as a 
reference and allowed the certain detection of defects, to that of a 
composite material frequently used in shipbuilding. Defect detection 
for this latter material was unreliable if not impossible. The two 
essential criteria are the dynamics of the bottom echo and the spatial 
similarity of signals in area A. 

The weakness of the bottom echo is due to a very strong 
diffraction of the sound wave when it goes through (very little energy 
reaches the bottom surface) or because the bottom is rough or 
corrugated and returns the wave out of the focal beam of the 
transducer. 

Zone A corresponds to the path of the wave inside the material. 
Signals observed are the result of reflections or diffractions returned by 
heterogeneities (inclusions, voids, pores, etc.). The traces of the 
various pulses are generally mixed up given that the heterogeneities are 
distributed randomly. In fig. 6 (rough bottom and very heterogeneous 
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material) all the energy is the result of diffractions since no energy is 
thrown back by the bottom surface. 

In order to assign values to the signals in the A zones, 
intercorrelation coefficients for the 30 pulses taken two by two were 
calculated (see fig. 7). In order to compare materials, an average 
coefficient was extracted from the 4mm/10mm range. The coefficient 
has the value 1 when the material is entirely homogeneous. It is 0 
when it is heterogeneous. When the coefficient is 0, sound pressure 
may be high in one area of the material or weak in another. This is a 
possible source of imaginary defects. 

Samples were classified according to the average coefficient 
(fig. 8). A material is characterized by six parameters. Each parameter 
represents a type of fiber, a type of matrix, manufacturing process, 
roughness of the bottom surface, visibility of the bottom. The 
parameters of a material are positioned on a vertical line scale. The 
average intercorrelation coefficient (quality) determines the position of 
the vertical, line. 

The interpretation of the results according to this method is in 
progress. The interpretation should reveal the effect of the structural 
components and their manufacturing processes on the reproduction of 
ultrasonic pulses, a major factor in quality control. The charts will 
show the factors which make accurate ultrasonic control impossible. 
One of these factors could be the roughness of the bottom surface. 

The immediate conclusion is that intercorrelation gives values 
that are directly usable because they characterize the heterogeneity of 
the material, a result which is impossible to obtain through the direct 
study of the echograms. 

The effect of a continuous defect such as, among others, 
delamination on the correlation coefficient, will be explored in a later 
study. 

CONCLUSION 

The study of the propagation of ultra-sonic waves in a wide 
variety of materials leads us to two essential observations: 
- unlike metallic materials, composites are ill-suited to ultra-sonic 
testing because they diffract sound waves very strongly. The methods 
and procedures currently used for metals should not be systematically 
transposed. 
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- high quality composite materials such as are used in aeronautics can 
be tested under satisfactory conditions but only after a calibration 
suitable to each type of material and to each product sample. 

Shipbuilding using composite materials does not currently 
require the quality and performance required in the aeronautical 
industry. This industry is not harmed by the lack of recognized testing 
methods. In the near future however, it will be necessary to be able to 
check, other than by using visual methods, the structures of 
conventional ships which have been in service for several years or 
which have suffered accidents, especially the structures of rapid 
passenger ships. Passenger ships have a lighter structure which is 
subject to higher stress and which will need to be tested. The 
technology used for this type of ship is getting closer to that used in the 
aeronautical inustry. 

Used together, quality electronic equipment (for emitting and 
detecting ultra-sonic waves) and a digital method for processing the 
signal which gives good statistical results, is very promising. These 
studies will be pursued in a second stage. 

F. Cancre, Speckle Acoustique : Etudes et Méthodes de Réduction. 
Thèse de Doctorat en Physique, Université Paris VII, mai 1989. 

G. Tober, R. Heinrich, In-service inspection Concept for Impact 
Damage on CFRP structures. Colloque sur le contrôle non destructif 
AAAF, Paris, 1991. 

Sensor 
frequency 

2.55 MHz 3.5 MHz 5 MHz 

Focal zone size - 2.48 mm 1.74 mm 
Focal zone 

length 
57.06 mm 39.94 mm 

Damping at -
6dB 

2 periods 2 periods 

Table 1 
SENSOR CHARACTERISTICS 
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Figure 1. Répartition de l'énergie acoustique 
Distribution of acoustic energy. 

Capteur. 3 5MHz Echantillon Alu ép. 10mm Echant : 48 MHz 

Figure 2. Aluminium 
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BBpPl Echantillon 7 r/ptfe G802/914 
Echant : 96 MHz ep. 4 mm 

Echogrammes 

Figure 3. Matériau aéro 
Aeronautical material 

Capteur: gg MHz
 EC hantillon 36 ^atverre/polyester 

Echant: 96 MHz 1 ep.5mm 
Echogrammes 

Figure 4. Matériau industriel 
Industrial material 
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i5 MUZ Echantillon 72 12 plis//T180 9700 
Echant: 96 MHz ep. 3 mm 

Echogrammes 

Figure 5. Matériau aéro 
Aeronautical material 

Capteur; 5 MHz Echantillon 44 M1 5RM 500 300 Echant: 40 MHz ep. 6 mm échogrammes à 5 MHz 

Figure 6. Matériau naval 
Naval material 
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Figure 7. Coefficients de corrélation 
Correlation coefficients 

Fond, lisse matériau A matériau В 

Figure 8. Répartition des matériaux selon leur coefficient de 
corrélation 

Distribution of materials according to their correlation coefficients. 
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A STUDY OF THE AGING OF GLASS FIBRE-RESIN 
COMPOSITES IN A MARINE ENVIRONMENT * 

J. GUTIERREZ 1 F. LE LAY 1P. HOARAU 2 

Abstract - Evolution of glass fibre-resin composites (polyester, epoxy 
and vinylester) after 30 years in a marine environment has been 
anticipated by the compilation of the Naval Construction Direction 
test results. This study showed that 120°C epoxy prepreg, in spite of 
improved initial performance, was more affected by water envi-
ronment aging than other composites. Post-curing of epoxy and 
vinylester composites does not significantly improve resistance to 
water degradation except in the case of high temperature aging (60-
70°C). 

keywords- glass fibre-resin composite, natural aging, accelerated 
aging 

INTRODUCTION. 

The "Direction des Constructions Navales", DCN, has been 
using glass fibre-resin composites for the fabrication of certain vessels 
for twenty years. For example, the three-nation minehunters, the 
superstructures of La Fayette frigates and certain exterior components 
for submarines. The first resins used were polyesters, for different 
reasons : 

- reaction time variable 
- easy use 
- polymerization at room temperature 
- high impact resistance 
- low magnetic signature 
Today, in addition to the polyester resins, the DCN uses 

epoxies and, more recently, vinylesters. These polymeric matrices are 
used with several types of glass reinforcement : woven, mat, 
unidirectional. The use of these new materials has raised several 
questions, notably concerning their aging behaviour 

Translated from the French original. 
1 STCAN - MSN/MN - Division Matériaux Composites 

8 Bd Victor 75015 Paris. 
2 DCN Indret - LECM - Polymères et Composites - 44620 La Montagne. 
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The estimation of their properties after 30 years has been performed 
by numerous studies of natural and accelerated aging. This period of 
30 years represents the lifetime of a vessel. 

The compilation of a large number of experimental results at 
the DCN has enabled the evolution of a range of composites to be 
evaluated. The different types of aging test performed at the DCN will 
be presented first, before showing the results from these studies. 

DESCRIPTION OF EXPERIMENTAL METHODS 

In order to assess the degradation of materials with time 
several approaches to aging have been used. 

The DCN at Cherbourg was the first to carry out research in 
this area. From 1968 they began natural aging tests on a selection of 
50 composite materials. The materials chosen were polyester and 
epoxy resins with different types of glass reinforcement. The 
composites were exposed to sea air and removed regularly after 9, 13, 
17 and 21 years, to follow the evolution of their mechanical 
properties. 

At Lorient, a section of a minehunter was aged for 15 years in 
the sea. 

The main disadvantage of these aging methods is that they last 
too long. For this reason accelerated aging tests were performed in 
parallel : 

- tests in boiling water for 4, 8, 16, 48, and 96 hours, 
- tests in artificial sea water at 70°C for 1000, 2000, 4000, 

6000, and 8000 hours, 
- tests in fresh water at 60°C for 1000, 4000, and 8000 hours. 

It may be noted that these tests at 60-70°C served to predict the 
behaviour of composites subjected to these extreme temperatures in 
certain parts of vessels. 

The degradation of the materials was followed by mechanical 
tests, flexural, delamination and shear parallel to the layers. 
Examination of the results allows several conclusions to be drawn. 

First, whatever the aging the same type of curve is always 
obtained (fig. 1); the symmetry between natural and accelerated aging 
is very clear. For improved accuracy a semi-log plot has been used 
(fig. 2). 

It was noticed that aging in sea air is as severe as aging in sea-
water. Also, aging in sea-water at 70°C has a similar effect to aging in 
fresh water at 60°C. 1000 hours of accelerated aging caused the same 
degradation as 15 years in natural conditions. 
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All of these observations allowed us to establish predictions 
for material behaviour. 

PREDICTIONS OF LIFETIME OF VARIOUS GRP 
COMPOSITES - INFLUENCE OF POST-CURING. 

As was indicated at the start of the paper, the three main resin 
families have been studied at the DCN, polyesters, epoxies (contact 
and 120°C prepreg) and vinylesters. The composites produced using 
these two latter resins were post-cured at 80°C or 120°C in different 
cases. 

The relative values of mechanical properties of composites 
before aging are given (table 1) and presented (figures 3 & 4). The 
excellent performance of the epoxy prepreg with respect to the other 
composites may be noted. The vinylester is slightly superior to the 
contact epoxy. However, post-curing does not significantly improve 
initial mechanical properties. Table 2 presents the pecentages of the 
mechanical properties of the different composites retained after 30 
years aging at 20°C and at 70°C. These values are illustrated in figures 
5, 6, 7 and 8. 

Extreme sensitivity of the 120°C prepreg to aging is apparent. 
This may be explained by the complete polymerization of the resin 
which leads to the creation of a number of hydrophilic groups which 
favour the hydrolitic degradation of the material. 

The post-cure at 80°C of the epoxy composite and at 120°C for 
the vinylester composite improve their resistance to a severe 
environment slightly (aging at 60-70°C). However, for natural aging 
these post-cures have little effect. The superior performance of the 
vinylester composite with respect to the epoxy may also be noted, 
particularly for the case of room temperature fabrication. 

CONCLUSION 

The different aging tests performed on composite materials at 
the DCN have enabled predictions to be made of the retention of their 
mechanical properties after 30 years. These predictions and 
observations serve to optimize the fabrication and use of composites 
as a function of the type of application for which they are intended. 
For example, it has been noted that the 120°C epoxy prepregs, in spite 
of mechanical characteristics initially superior to other polyester, 
vinylester and cold curing epoxy composites, have very poor 
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resistance to aging. Similarly, the post-cure of composites is not 
justified in the case of aging in a natural environment, as the 
improvement in degradation resistance is minimal. 

MORTAIGNE B. 1989, Thèse Docteur, ENSAM, Paris. 
REYBET P., DEGAT, Influence du vieillissement naturel sur les 
propriétés mécaniques et viscoélastiques de composites unidirection-
nels verre/époxy Comparaison avec le vieillissement accéléré, 
Composites, №6, nov. dec. 1989. 
VERDU J., 1984, Vieillissement des plastiques, Ed AFNOR 
technique. 
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INITIAL MECHANICAL PROPERTIES OF COMPOSITES 

 — 
FLEXURE STRENGTH 

(relative value) 
DELAMINATION STRENGTH 

(relative value) 

120°C epoxy prepreg 100.' 100 

Vinyiester without 
post-curing 

72 72 

120°C vinyiester 69 72 

80°C epoxy 56 69 

Epoxy without post-
curing 

56 67 

 Isophtalic polyester 50 55 

Table 1 

CONSERVATION RATE OF COMPOSITES MECHANICAL PROPERTIES 

FLEXURE 
CONSERVATION 

AT 70°C 

STRENGTH 
ATION (%) 

AT 20°C 

DELAMINATIO 
CONSERVE 

AT 70°C 

N STRENGTH 

 (%) 

AT 20°C 

Isophtalic polyester 35 . 80 45 75 

Epoxy without post-
curing 

30 80 14 65 

Vinyiester without 
post-curing 

45 85 54 87 

120°C epoxy 
prepreg 

8 55 8 56 

80°C epoxy 54 80 25 70 

120°C vinyiester 51 80 62 75 

Table 2 
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[Aging graph - General profile 

Figure 1 

[Aging graph - Semi-log scale 

Figure 2 
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FLEXURAL STRENGTH - INITIAL VALUE 

Figure 3 

[SHORT BEAM SHEAR - INITIAL VALUE 

Figure 4 
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MECHANICAL PROPERTIES CONSERVATION OF RESIN WITHOUT POST-CURING 

Figure 5 

Figure 6 
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MECHANICAL PROPERTIES CONSERVATION OF POST-CURED RESINS 

Figure 7 

Figure 8 
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Nautical construction with composite materials. Paris, December 7th to 9th 1992 
IFREMER, Actes de colloques n° 15, paper n° 34 

34 
MECHANICAL PROPERTY DEGRADATION OF 
GELCOATED GLASS-FIBER REINFORCED POLYESTERS 
IN SEA WATER 
Ph. CASTAING *, N. TSOUVALIS **, L. LEMOINE * 

ABSTRACT : Glass-fiber reinforced polyester composites with gelcoat are 
widely used in nautical construction despite the lack of knowledge 
concerning their durability when immersed in water. This study deals 
especially with the influence of the osmotic process of degradation on the 
evolution of the mechanical properties of orthotropic materials, subjected to 
accelerated ageing tests. This evolution is experimentally evaluated by 
performing a non destructive test procedure, the vibrational modal analysis, 
whose results are additionally confirmed by quasi-static mechanical tests 
(bending and shear). Although gelcoat blistering has no effect on the 
mechanical properties of the structure, considerable changes are observed in 
the elastic moduli and in the ultimate stresses, particularly in a direction 
perpendicular to the reinforcement, when an osmotic delamination of the 
laminate plies occurs. 

KEY-WORDS : composite material, polyester, gelcoat, ageing, osmosis, 
mechanical properties, durability; 

INTRODUCTION 

Glass fiber reinforced polyester composites with gelcoat are widely 
used as structural materials, due to their ease of manufacture and their good 
durability when immersed in water. However, an osmotic degradation can 
lead to a delamination of both the gelcoat under circular blisters, and the 
laminate under quasi-ellipsoidal defects [1]. This problem may affect 10 % 
to 20 % of polyester hulls after 20 years of immersion [2]. 
Osmosis includes all the phenomena governing the transport of aqueous 
solutions through semi-permeable walls, and particularly through cellular 
membranes of living organisms. 

* IFREMER, BREST Centre, Marine Materials Laboratory, Ocean 
Engineering Department, BP 70, 29280 PLOUZANE (FRANCE) 

** National Technical University of Athens, Dept of Naval 
Architecture & Marine Engineering, BP 64070, 15710 ZOGRAFOS 
(GREECE) 
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The process takes place when a solution and a solvent are separated by a 
membrane permeable to the solvent but impermeable to the solutes. A 
solvent flux, resulting from the solutes concentration gradient, arises 
through the wall to re-establish the equilibrium, and thus an osmotic 
pressure (hydrostatic) is generated, opposing the solvent diffusion. 
Unsaturated polyester resins and laminate plies are reported to behave like 
osmotic membranes [3,4]. Therefore, predicting the life-time of these 
materials in a marine environment is of great importance, since the 
consequences of the osmosis may not only be a loss of aesthetic appearence, 
but also involve more serious problems causing a loss of properties. 

The present paper analyzes the evolution of the mechanical 
characteristics (elastic moduli, ultimate stresses) of gelcoated orthotropic 
materials, induced by accelerated ageing tests in distilled water. The 
mechanical properties are measured both in the direction of the 
reinforcement and perpendicular to it. This experimental study is conducted 
using a vibration method which is non destructive, and the results are 
confirmed by complementary static tests (3 point bending and interlaminar 
shear tests). So, the influence of the osmotic degradation -gelcoat blistering 
or delamination- is quantified and the present study permits us to forecast 
more accurately the life-time of hulls, built in polyester. 

AGEING OF GELCOATED LAMINATES 

MATERIALS 
The materials tested are E-glass reinforced polyester, whose laminate 

resin, supplied by Cray Valley France, is either orthophthalic (ORTHO 
laminate) or isophthalic (ISO laminate). The gelcoat is a coloured 
isoneopentylglycol (or ISONPG) polyester resin, filled with TiO2, and 
supplied by Ferro France. The laminates are reinforced with ten layers of 
quasi-unidirectional (88%-12%) woven E-glass (290 g/m2), the volumic 
fiber ratio is 40%. The manufacturing process, similar to that used in 
polyester shipbuilding, consists of spraying the gelcoat (mean thickness of 
0.3 mm) and hand laying-up the laminate. The curing is performed at a 
temperature of 20°C for two months. 

ACCELERATED AGEING 
Sample plates (400x300x3 mm) are immersed in distilled water at a 

temperature of T=60°C for 5000 hours. Previous tests carried out in distilled 
and sea water confirmed the osmotic origin of the delamination by blistering 
[5]; ageing tests at various temperatures (from 40°C to 70°C) showed that 
the osmotic process is thermally activated. In comparison with a natural 
exposure (room temperature, sea water), a factor of acceleration from 20 to 
30 is determined for the accelerated tests of blistering, which is useful for 
extrapolating the results : 5000 hours of testing in Laboratory and in 
distilled water at 60°C correspond to 20 years of marine immersion for a 
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boat hull. 

PROPAGATION OF THE DEGRADATION 
The delamination and the propagation of the defects at T=60°C and in 

distilled water take place as follows: 
- from 200 hours to 3000 hours of immersion, circular blisters appear and 
grow radially at the gelcoat-laminate interface; then a steady state is reached 
with the mean dimensions of the blisters no longer increasing : the osmotic 
process is stopped. 
- from 3000 hours to 5000 hours of immersion, ellipsoidal shaped defects 
appear between the two first plies of reinforcement, then a steady state is 
reached. The delamination of the orthotropic plies leads to a quasi elliptic 
defect so that its larger radius a is parallel to the fibres, and its smaller 
radius b is perpendicular to the fibres. In addition, a/b is found to be equal to 
E1/Et, ratio of modulus in fibers or longitudinal direction to modulus in 
perpendicular to the fibers or transverse direction [1]. 
- for times longer than 5000 hours, a delamination is initiated between the 
second and the third ply. 

Considering these observations, it can be concluded that the osmotic 
delamination in the laminate may be more serious than gelcoat blistering. 

DETERMINATION OF THE MECHANICAL CHARACTERISTICS 

MECHANICAL TESTING 
An orthotropic plate under plane stress is defined by four independant 

elastic constants : 
-E 1 (or E1) is the elastic modulus parallel to the fibres; 
-E2 (or Et) the elastic modulus in the direction perpendicular to the 
reinforcement; 
-G12 (or Gn) the in-plane shear modulus; 
-V12 (or Vlt) the longitudinal Poisson's ratio. 

In the present study, the evolution of Е1 E2 and of the ultimate 
stresses σ

r1

, σr2 with time is followed by performing mechanical tests (3 
point bending tests, standard EN 63); in addition, the ultimate interlaminar 
shear stresses τr1 and τr2 are measured by interlaminar shear tests (standard 
NFT 57 104). 

However, these tests need a large amount of material samples, cut into 
beam or dog-bone shapes, when the ageing time is long. Thus, E1, E2, σ

r1 

σr2, τr1
 and τr2 are measured at the initial state before immersion, after 

2000 hours of immersion when the gelcoat blistering has appeared, and after 
5000 hours of immersion when the delamination of the first ply occurs. A 
closer inspection of the three moduli evolution is carried out by modal 
analysis experiments. The two methods are complementary, because 
mechanical tests allows us to measure additionally the ultimate stresses. 
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MODAL ANALYSIS 
The modal analysis technique consists of evaluating the rigidities of a 

laminate by using its free natural frequencies and modeshapes. The main 
idea of such a method is to update the set of rigidity values in a 
mathematical model of the plate vibrational behaviour in such a way that 
the calculated natural frequencies match the experimentally measured ones 
(measurement by accelerometers) [6,7,8]. An optimisation of the results is 
then carried out [6]. A simple analytical solution, giving the frequencies as a 
function of the rigidities is given by the classical Theory of Plates under 
plane stress state; the frequencies (in Hz) of an orthotropic rectangular free-
free plate are as follows: 

f^ij=(ir^/4ph).[G I^.D J ]/a^+G2^-D22/l^+2H].H2.Dj
;
/a2b^+Dgg.(J ̂  .^-Hi-H^l/a^b^] 

where fij is the natural frequency in Hz, i,j are the number of nodes in x and y direction 
respectively, p is the density, h the thickness, a the length (in x direction), b the width (in y 
direction) of the plate respectively and Gn, Hn, Jn are constant functions of the indices i, j 
[6,7,8]. 

The rigidities are defined as follows : 

D11 = El-h3/12(1-v12v2l);,
I

D12 = E2.h3/12(l-v
12

V2i); D
k

 = D
12

+2.D
66

; 
D12=V21D1L D66= G

12
.h3/12; 

One can observe that the rigidities are deduced from the values of the 
frequencies fij; knowing the first five natural frequencies and their 
associated modeshapes permits us to calculate the elastic constants E 1, E2, 
G12

 V12. In fact, Just moduli E
1

, E
2

, G12
 are studied in this paper. 

For example, the first three natural frequencies for the gelcoated ORTHO 
and ISO laminates are : 

mode ( i,j) : 
mode (1,1) 
mode (2,0) 
mode (2,1) 

frequency : 
f11(ORTHO)= 72.3 Hz; 
f20(ORTHО)=143.6 Hz; 
f21(ORTHO)=198.7 Hz 

frequency : 
f11(ISO)= 66.9 Hz; 
f20(ISO)=134.6 Hz; 
f21(ISO)=193.8 Hz; 

figure 1 represents these three modeshapes in a 3-D space [6]. 

EVOLUTION OF THE MECHANICAL PROPERTIES WITH THE 
AGEING TIME 

EVOLUTION OF THE MODULI 
The shape of the moduli variation with time (determined by modal 

analysis) is quite similar for the ISO and the ORTHO materials (figure 2): a 
decrease is observed from 300 hours to 600 hours (5 % for ISO, 10% for 
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ORTHO), followed by a low loss of the properties up to 2000-3000 hours. 
The properties degradation continues to be smooth up to 5000 hours, 
resulting in an important total decrease with respect to the initial values, 
which is even 50 to 60% for the ORTHO material. The decline of the 
moduli is more important in the transverse direction than in the longitudinal 
one, because the matrix is preferentially attacked by water in that way. 

The first decrease of the moduli can be assigned both to the 
plastification of the resin by molecules of water and the initiation of the 
gelcoat blistering phenomenon : for times longer than 500 hours, when the 
material is saturated with water and while blisters are growing, the loss is 
lower with time : so the first fall of moduli is due essentially to the 
plastification. The gelcoat blistering has nearly no effect on the structure 
integrity. For times beyond 2500-3000 hours, the osmotic delamination of 
the material ORTHO leads to another loss of properties, which is also 
visible on the variation of G

lt
 with time. This latter modulus, which 

characterizes the intralaminar bond, decreases for the two materials too 
(figure 3). 

For comparison, table 1 reports the values of the elastic moduli E1 and 
Et measured by bending tests after 2000 hours and after 5000 hours of 
immersion. These values are also reported in figure 2. The results are in 
good agreement with those from modal analysis. The mean relative loss of 
the properties, for the two materials is as follows : 

MATERIAL ORTHO : 
after 2000 h : -9 % (E

1
); -20 % (Et); 

after 5000 h :-18 % (E1); -55 % (Et); 

MATERIAL ISO : 
after 2000 h :-20 % (Et); (no significant loss of E

1
) 

after 5000 h : -6 % (E1);-30 % (Et); 

The loss of mechanical characteristics is very significant for the 
ORTHO materials in the tranverse direction, a fact owing to the hydrolytic 
damage which destroys the matrix. On the other hand, the loss of properties 
of the ISO material remains reasonable, without affecting the integrity of the 
plate. 

If the variation E=E(t) is assumed to be represented by straight lines 
of different slopes in the following periods of time : 

1) plastification (0 h, 500 h); 
2) gelcoat blistering (500 h, 2500 h); 
3) osmotic delamination in the first two plies (2500 h-5000 h ); 

then a corresponding degradation rate ΔE/ΔT (at a mechanical point of 
view) can be estimated. This rate seems to be smaller for gelcoat blistering 
than for the plastification and the osmotic delamination; the effect of the 
water on the mechanical properties is more intense on the two latter types of 
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degradations. 
EVOLUTION OF THE ULTIMATE STRESSES 

Ultimate stresses that are measured at various times of ageing (2000 
hours and 5000 hours) are the bending ultimate stresses and the interlaminar 
shear stresses, both in the longitudinal and in the transverse direction. The 
results are given in table 2. The relative mean loss is as follows : 

MATERIAL ORTHO : 
2000 h : from 15 to 24% (bending); from 30 to 37% (shear); 
5000 h : from 40 to 50% (bending); from 60 to 65% (shear); 

MATERIAL ISO ; 
2000 h : from 8 to 9% (bending); from 15 to 18% (shear); 
5000 h : from 24 to 25% (bending); from 23 to 25% (shear); 

For the ORTHO material, the loss might be 100% in some areas of the 
plate where a delamination has propagated at 5000 hours. 

The interlaminar shear stresses characterize the interface matrix-resin 
and its degradation. The results show that ISO laminates are less severely 
damaged than the ORTHO ones. A superior behaviour of the ISO 
composites is observed even in the transvere direction. The ISO resin is less 
sensitive to hydrolysis, as its residual properties after 5000 h of immersion 
are better than the ORTHO ones after 2000 hours of immersion. 

CONCLUSION 
This paper allows us to focus on the variation of the mechanical 

properties of commonly-used composites subjected to humid ageing, and to 
highlight the influence of the osmotic phenomenon on these materials. 
Thus, the gelcoat blistering remains only a cosmetic problem, while the 
osmotic delamination of the plies involve a degradation of the structure. 
ORTHO laminates are more sensitive to water hydrolysis than the ISO ones, 
and the effects of the immersion appear more clearly in the tranverse 
direction than in the longitudinal direction. The mechanical life-time of the 
ORTHO laminate is less than half the ISO one. 
Finally, experimental tests show the good correlation and the 
complementarity of the mechanical tests and those carried out by modal 
analysis, for studying the ageing of composite materials. 

[1] : Ph. Castaing, L. Lemoine, Proc. Journées Spécialisées AMAC / 
COMETT, (2/06/92). 
[2] : M. Deuff, Loisirs Nautique, 189, 27, (1987). 
[3] : N.R. Farrar, K.H.G. Ahsbee, J. Appl. Phys., 11, 1009, (1978). 
[4] : S. Crump, Proc. 41st Ann. Conf., S.P.I., session 13-C, (1986). 
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Mode 1,1 of vibration 

Mode 2,0 of vibration 
("saddle mode") 

Mode 2,1 of vibration 
(breathing mode) 

Figure 1 - 3-D representation and contour plans of the first three vibration 
modeshapes of a plate. 
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MATERIAL Ej (GPa) Et (GPa) 

ORTHO initial 25.17 9.32 
2000 h 22.86 (- 9.2%) 7.66 (-17.8%) 
5000 h 20.43 (-18.8%) 4.64 (-50.2%) 

ISO initial 23.68 11.16 
2000 h 10.50 (-5.9%) 
5000 h 22.70 (-4.2%) 7.81 (-30.0%) 

Table 1 - Relative evolution of the elastic moduli for the 
ORTHO and ISO laminates after 2000 and 5000 hours of 
immersion in distilled water at 60°C. (The moduli are 
determined through 3 point bending tests). 

MATERIAL σrl(MPa) σrt(MPa) τ
rl

(MPa) τ
rt

(MPa) 

ORTHO initial 509 102 67.8 18.1 
2000 h 430 81 44.5 11.7 
5000 h 286 50 19.9 7.7 

ISO initial 578 112 66,2 16,1 
2000 h 535 108 53,1 13,1 
5000 h 475 100 47,2 12.3 

Table 2 - Evolution of the ultimate stresses for the ORTHO 
and ISO laminates after 2000 h and 5000 h of immersion in 
distilled water at 60°C. Errors on σr are about 3-5 MPa, on τ

r 
1-1.5 MPa; (3 point bending and interlaminar shear tests). 
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Figure 2 - Evolution of the moduli (modal analysis) E
1
 and Et (GPa) with 

time t (hours) in distilled water at 60°C, for the ISO (1) and ORTHO (2) 
laminates, (o) represent the moduli of ISO material determined through 
bending tests, (*) the corresponding moduli of the ORTHO material. 

Figure 3 - Evolution of the in-plane shear modulus (modal analysis) in 
GPa with time t (h) for laminates ISO (1) and ORTHO (2). 
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35 
FRACTOGRAPHIC ATLAS OF COMPOSITES 

P. JEANNETAUD1, P. KRAWCZAK1, R. BEQUIGNAT1, 
J.PABIOT1, A. LEMASCON2, C. BORD2, M. VANCON3, 
M.BARD3 

Abstract - Fractography deals with the microscopic study of the 
fracture surfaces of a structure in order to define the initiation and the 
propagation of the damage and then the failure history of the structure 
(stress, environment...). Today, we are able to identify the causes of 
the failure of metallic parts based on pictures of typical fracture 
surfaces, but there is nothing similar for composite materials. 
However, the increasing amount of literature devoted to fractography, 
as well as the constitution of "brain storming" groups on a European 
level confirm scientific interest in this fracture analysis mode that 
permits a better understanding of the existing relationship between the 
material's microscopic structure and its macroscopic mechanical 
behaviour. In this context, it seemed interesting to develop a tool 
collecting a maximum of fractographic data. 

Key words: fractography, failure analysis, damage, fracture. 

HISTORICAL BACKGROUND 

Since 1970, publications containing information of a 
fractographic nature on composite materials have appeared within 
literature. These have mainly been concerned with advanced materials 
used in the aérospatial sector and dealt more with the study of 
mechanical behaviour (in order to improve the knowledge of the 
failure modes) rather than the analysis of broken pieces for damage 
studies. 

Between 1980 and 1985 at the Royal Aircraft Establishment in 
Great Britain D. Purslow started to explain the appearance of 
characteristic events at the level of composite materials1 fracture 
surfaces, and methodically describe them. He remains, to this day, the 
pioneer who initiated this approach. 

1 - ENS Mines de DOUAI - Laboratoire Technologie Polymères et 
Composites. 
2 - CETIM - Département Polymères et Composites - Nantes. 
3 - AEROSPATIALE - Centre Commun de Recherches - Dépt 
Matériaux - Suresnes. 
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About the same time in France, the Etablissement Technique 
Central de l'Armement began to develop an atlas of fractography from 
their own research programmes. But, after the publication of a 
compendium of data, they did not continue the experiment. Also, in 
the United States, the American Society for Metals introduced 
fractographic data on composite materials in its Metals Handbook, but 
the range of the information remains limited. 

At the end of the eighties, three French partners (coauthors of 
the present publication) with the support of a financing from the 
French government, combined their efforts in order to try to establish 
a common base for an atlas of fractography. This was done by 
collecting pictures of the fracture of different materials submitted to 
various loadings (mechanical, aging, etc.), then by trying to describe 
them according to well-identified procedures and terms. This action, 
which will be summarised in the following paragraphs, built on work 
already performed within each of these laboratories. 

Today the literature includes some documents that deal with 
fractography as a support tool in failure analysis of composite material 
structures. Specialised books have appeared. Composite material 
fractography is now beginning to go beyond the bounds of the 
laboratory and industrial interest is making itself known. 

However, facing the complexity of this science (concerning 
reinforced polymers), the need to share experience is strong. A 
reflection of this is the existence (since 1991) of a European group 
AG 14 within GARTEUR (Group for Aeronautical Research and 
Technology in Europe; involving the European aérospatial companies 
joined by various technical or university centers involved in the field 
of fractography). This group encourages the exchange of industrial 
experience in the field of fractography as well as the reflection on the 
standardization of terms and procedures used in failure analysis. 
Furthermore, beyond the aeronautical sectors, requests and interest in 
the subject of fracture analysis of composite material components are 
being expressed in other industrial fields (automobile, nautical 
industries, off-shore, etc.). 

This historical review shows the place that fractography has 
taken over the years. Even if quite a few difficulties with the 
interpretation of fracture surfaces of reinforced materials remain, the 
increasing industrial interest should ensure a fast evolution of this 
technique to yield an investigation tool that is equivalent to the one 
that exists for metallic materials. 
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BASIS OF AN ATLAS OF FRAGTOGRAPHY 

DEFINITION OF APPROPRIATE TERMINOLOGY 

In order to describe any failure surface, one must, to be 
understood by other technicians, be able to use a common description 
language. That is to say, with terms likely to be understood and used 
by any person involved in fractography of polymers and composites. 

The first concrete stage of our work consisted in gathering 
within the same dictionary around sixty descriptive words (mainly 
issued from the literature) that appear to be the most used. These 
terms, whose bilingual translation (English-French) has been 
completed, are gathered in two categories: 

- one of general terms (for example, dealing with loading 
modes) 

- one of the specific vocabulary of fractography which serves 
to describe the micro or macro structural events present on the fracture 
surface. 

Each word is presented on a page with its definition, 
illustrations and/or explicit photographs. The existing dictionary 
(which remains open and evolutive according to the progress of the 
knowledge of the failure process of composite materials) is at the base 
of the harmonization of the description of fracture surfaces. 

PHILOSOPHY OF IMAGE DESCRIPTION 

The possession of descriptive terms is the key to fractographic 
investigations, provided one has a way of defining, as well as 
possible, the information present on a fracture surface. The 
"specialists" in failure analysis generally have an intuitive way of 
proceeding based on their experience in failure analysis. This allows 
them, with more or less speed depending on the complexity of the 
problem, to extract the characteristic event(s) of the material's or 
structure's degradation. At first, this experience (which includes 
several investigation fields) was not easy to transfer to a non 
specialist. Our original idea was therefore to try to define an iterative 
procedure that would serve as a marker and as a framework to the 
newcomer, and allow him, by following a precise questionnaire, to 
easily describe the features of a surface without having the knowledge 
of a specialist. 

This framework is defined from the description of the three 
constituents of a composite material: the fiber, the matrix, and the 
interface (fig. 1). Three specific questionnaires have been written for 
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these different components going from the macrographic aspect (eye 
examination or at low magnification) down to the microscopic aspect 
(high magnification examination, in particular with the scanning 
electronic microscope SEM). For example, concerning the fibers, the 
questionnaire informs on their general aspect, their semi-quantitative 
distribution, and their fracture mode. For the matrix, all the 
information concerning the different markings, imprints, cracks, 
processing defects, their distribution, and their sizes are listed as well 
as the fracture modes. At the interface level, the semi-quantitative data 
relative to the debonding or pullout are taken into account. From this 
basis, any term of the dictionary can be specified by refining the 
description of the events observed on a surface. For example, for the 
term "hackle" (generic term), it will be possible to specify the form, 
the distribution of the hackles. The information obtained could allow 
the use of new rules, particularly in relation with one or several 
loading modes. 

Each fracture is associated with a history, on the 
manufacturing level, as well as on the level of the process that led to 
the catastrophic fracture. It quickly appeared that at the present stage 
of standardization of the base products used to manufacture the 
composite materials (in particular with respect to the polymeric resins 
used in the so-called mass production field of composites, semi-
products such as SMC or BMC, etc.), it was necessary to couple all 
the information coming from the description of the fracture of a 
composite material, to that coming from the manufacturing including 
the curing and post curing conditions for a given transformation mode. 
Indeed, the use of the same types of load, reinforcement and matrix 
can lead, depending on the mixing and the curing, to multitudes of 
composite materials with different properties and thus likely to present 
different fracture surfacees for the same loading history. 

COLLECTION OF INFORMATION 

The number of pictures presently available is nearly 500 
concerning approximately 70 polymer resin based composite 
materials. With the amount of data and information being quite 
extensive, we have chosen to use at the same time both the traditional 
paper medium and a data base management software "4th dimension" 
running on Macintosh and able to manage text, pictures, and 
drawings. Figure 2 shows the equipment used. The images can be 
recovered by digitizing with a scanner the photographs obtained from 
the scanning electronic microscopes used by each partner or by a CCD 
camera mounted on an optical microscope or by a binocular 
magnifying microscope. 
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The management of data of a fractographic nature with 4th 
dimension came within the larger scope defined by the composite 
material data bank, CETIM TELEMAC developed by the CETIM. 
Starting from the assumption that several pictures can correspond to 
the same material (for example, in the case of a material subjected to 
different loadings) we have separated the data characterising the 
material itself (for example, constituents, transformation mode). 
Therefore, two interconnected files have been created. Figures 3 and 4 
are examples of records resulting from these files. (Note : the 
materials are referenced by applying the AFNOR norms that are in use 
{NFT 53000, NFT 57000...}. 

The analysis records of fracture surfaces are supported by 
different possible modes of investigation (fractographic analysis, 
macro or micrographic, nondestructive). The photocatalogue of 
fracture is classified by material with the possibility of sorting, 
according to one or several criteria at any moment (for example, to see 
all the pictures concerning a material, one or several loadings, and a 
given characteristic feature). 

DEFINITION OF RULES 

At this stage, it is possible to describe a given fracture surface 
with the appropriate words with the help of an iterative way of 
proceeding. The comparison of this surface with those compiled in the 
atlas is then within the reach of persons who are not familiar with 
composite material fractography. 

This must be considered as a first approach to the problem. 
Beyond the data gathering, which is possible with the bank described 
previously, it must be possible to create links between these data and 
extract the essential information from the mass of raw data. In 
particular, it is desirable to be capable of writing rules that govern the 
appearance of the events described from the study of the fracture 
surface and this in combination with the transformation, the 
mechanics, and the calculation of composite materials. From our joint 
experiences and using published results, a certain number of rules 
have been established for each word in the dictionary of the atlas. 
Table 5 gives an example of the rules concerning compression 
fracture of composites. 

NEEDS - FUTURE DEVELOPMENTS 

The work presented here has been achieved on the basis of the 
current research programs of the three partners involved in the project. 
The pictures of the fracture surfaces of the materials loaded under 
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different conditions, though linked to the manufacturing history, and 
to the stresses that provoked the fracture, are not always described in a 
sufficiently subtle way to really be characteristics of a particular 
failure mode. At this stage, the complexity of the damage and the 
diversity of the composite materials (taking into account the scatter, 
inherent to the manufacturing of these materials which is not always 
optimized in the mass production sector) intervenes and even more so 
when we study microscopic events. The data collection presented, 
although laying the foundations for an atlas of fractography, will 
remain a laboratory object as long as a certain number of points are 
not developed: 

- A better knowledge of fracture phenomena with a view to 
specifying the links between the features present on the fracture 
surface and the distribution of the stress and deformation 

- Refining the surface descriptions and the definition of the 
rules. 

- Reinforcement of links between the macrographic and 
micrographic investigations. 

- Possibility of recreating the results (interlaboratory studies) 
with the aim of validation of data and information. 

- Setting up of intuitive rather than iterative image description 
procedures. 

Several European partners covering different industrial sectors 
(automobile, aérospatial, offshore, mechanical engineering) have 
joined together in the framework of a BRITE EURAM II progamme 
to pursue this work with the aim of obtaining in the medium term a 
user-friendly and interactive industrial tool for failure analysis of 
composite material structure fractures. This tool will be used at 
different levels, in the workshop by the technician responsible for the 
quality control of components, in the laboratory by the specialist 
responsible for damage analysis, but also by instructors for training 
sessions on composite materials. 
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Figure 1: Procédure de description d’image (Image Description policy). 
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Figure 2 - Equipements utilisés (Equipment). 

Figure 3 - Description du matériau (Material Description). 

363 



Figure 4 - Description de la rupture (Failure Description). 
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Table 5 - Compression 

The fracture by compression of a unidirectional material shows that 
all the fibers are microbuckled and their fracture surfaces are divided 
into one part that is broken in tension and another that is broken in 
compression (picture 1). In general, on all the fibers, the separation 
line between the two zones has the same orientation perpendicular to 
the propagation direction. If, globally, all the lines follow a circular 
curve, then the origin of the fracture can be defined by the center of 
the circle formed by these curves. The macroscopic fracture of a panel 
in compression can have an incurved shape whose base defines the 
initiation zone (picture 3). The propagation direction of the fracture in 
compression can be estimated from the examination of the 
translaminar cracks in the fold of the surface when this one is at 45° 
(see Splitting - fig. 2). Observed during a fracture by compression, 
their orientation allows us to have an idea of the direction of fracture. 
The translaminar splittings form arrows with the horizontal 
translaminar compression crack in the front of the defect, that points 
to the origin of the fracture. When the two first surface folds are +-
45°, this rule is valid for 90% of cases. On the other hand, when the 
two first folds are 45° and 0°, the rule is valid at 40%. 
Furthermore, the presence of this type of cracking means that the 
fracture started inside the test specimen rather than on the edges. 

Cliché 1-Rupture de fibres- cf ENSTIMD Figure 2-Séparation translaminaire- cf RAE 

Cliché 3 - Aspect de la rupture d’un panneau en compression - cf RAE. 
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MECHANICAL DAMAGE OF COMPOSITE MATERIALS. 
EFFECT ON HYGROTHERMAL PROPERTIES. 

D. PERREUX*,C. SURI*,D. VARCHON*,C. OYTANA* 

Abstract-The mechanical behaviour of polymer based glass 
fibre composites depends on the damage level and the 
amount of moisture present. Two anelastic damage models, 
both adapted to the mechanical properties of epoxy and 
polyester matrix polymers, are proposed. A coupling 
effect between the kinetics of damage and moisture level 
is shown. 

keywords: composite material, mechanical properties, 
modelling, damage, moisture. 

INTRODUCTION 

The mechanical behaviour of composite materials 
with glass fibres and polymeric matrices is particularly 
difficult to model. Thus, the highly anisotropic nature 
of long fibres implies, in the simple elasticity 
framework, a large number of coefficients to be 
determined (9 in the case of a +55°,-55° laminate). Also 
the behaviour which is termed viscoelastic is one of the 
most complex that one can encounter in industrial 
construction materials. However, the maximum level of 
difficulty is that concerned with the study of damage, 
which includes both the local forms such as delamination 
and homogeneous forms such as microcracking of the 
matrix. The need for complete and reliable models 
becomes a necessity for the designer of structural 
components. In addition, the behaviour is modified by 
parameters linked to the environment, such as the 
temperature and the hygrometry. 

*LABORATOIRE DE MECANIQUE APPLIQUEE. 
Associated to the CNRS. Faculté des sciences et des 
techniques 25000 BESANCON - FRANCE 
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In certain applications such as fluid transfer these 

parameters play a very important role and they must be 

taken into account in the models. It is therefore 

necessary to establish the stress-strain relations which 

include the coupling between mechanical and physical 

properties. While numerous studies have examined the 

effect of temperature, the case of humidity has received 

much less attention. The relationships which make up the 

model of mechanical behaviour translate either a 

viscoelastic model, of the type proposed by Scapery 

(1969), which is particularly well adapted to the creep 

strain in unidirectional materials, or an elastoplastic 

model such as that of Varizi et al (1991) which allows 

non-linearities to be taken into account independantly 

of time. 
The model developed at the Laboratoire de Mécanique 

Appliquée, proposed by FRUND(1990) and more recently by 

MAIRE(1992) for long fibre epoxy materials, allows 

phenomena to be included which are rarely studied 

globally. The special nature of polymeric matrices 

require that this model be modified for the case of 

polyesters, as was shown by SIQUEIRA(1992). 

MODELLING OF INELASTIC, DAMAGED BEHAVIOUR. 

LONG FIBRE EPOXY RESIN COMPOSITES: UNIAXIAL LOADING. 

Stress-strain relationships. 

Given the physical nature of the phenomena observed the 

total strain e of the material may be separated into an 

inelastic strain є
a
 and a permanent damage єd

 such that: 

єt=ea+ єd 

The inelastic strain is itself the sum of an elastic 

strain є
e
 and a "viscous" strain such that: 

єa
= єe+єv 

If σ is the applied stress, D the damage level of the 

material and E the Youngs modulus then one can write 
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classically for the damage : 

D=ΔE/E 

єe=σ/E(l-D)+Dσ/E (1-D) 2 

FRUND has proposed for the rate of "viscous" strain : 

єv= α(σ-Е
г
є
а
)n/ (E(1-D)σ

0
) 

where α,σ0,n are parameters depending on the material, 
Er designates the relaxed modulus. 
This formulation gives satisfactory results for the case 
of materials of the type [+/-45] loaded in creep (figure 
1). In many other cases experience shows that the 
relaxed modulus is not independant of the stress(figure 
2). MAIRE has proposed a form which allows these 
phenomena to be taken into account: 

є
v

= E В 
i=l 

Я 
where ξ

i

 ;is given by a relaxation spectrum, being the 

relaxation time. To a first approximation, MAIRE has 
proposed the following functions : 

ÜBI n 

£, (pcr/E ( 1-D) ) P 

(1-/V7C nc) exp [ (-n-n
c

) /n
Q

] 

This formulation corresponds to a gaussian spectral 

distribution (NOWICK et BERRY 1971), β,p,n
c
,n

o
 are the 

constants depending on the material (figure 3) . This 
model has the advantage of being easily expressed in a 
multiaxial form. The concept of multiaxial damage must 
therefore be explained. 
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Damage 

For the case of long fibre materials which are 
modelled in terms of volume elements, one may consider 

the damage' as homogeneous on the macroscopic scale. It 

is essentially matrix cracking. In this heading we also 

include fibre-matrix debonding which produces similar 

effects. The fracture of fibres is more rarely modelled 

in terms of damage as it in general takes place near to 

final failure. For homogeneous damage PERREUX(1989) has 

shown that a tensor D exists which is representative of 

the variations in rigidity C of a unidirectional long 

fibre composite: 

C=(I-D) : C 

where C is the rigidity of the damaged material. The 

elastic damaged behaviour of the laminate is obtained by 

applying the laminate theory with a unidirectional 

material of stiffness : (I-D):C 

Measurements of damage made on a laminate show a good 

correlation with this model (CRIMEE et al 1992) . The 

kinetics of D are complex, but for the uniaxial case 

FRUND proposes the following formulation : 

D=Kd<σ. є
 a
>[D

co
+D

cl
exp (D

c2
 IMaxσl ) -D] Y 

where Kd,Dco,Dcl,Dc2 and y are constants, a function of 

the material. 

CASE OF SHORT FIBRE POLYESTER RESIN MATERIALS, UNIAXIAL 

MODEL. 

In contrast to the preceding case, for which the 

369 



damage and the viscoelasticity were strongly influenced 
by the material anisotropy, the behaviour of randomly 
distributed short fibre materials is initially 
transversely isotropic. The damage is then influenced by 
the orientation of stresses. If the behaviour is always 
inelastic damaged, the elastic strain is subjected to 
the creation of the damage which in this case shows a 
particular threshold, with respect to a critical stress 

σc below which D=0. The following law of elastic damaged 
behaviour can then be written: 

If(1-D)σ<σc , є
e
=σ/E(1-D) 

If(1-D)σ=σ
c

 , 8 є
e
=σ/ Е ( 1-D) +Dσ/E ( 1—D) 2 

The kinetics of D are given by the equation of 
consistency applied to the criterion: 

D=C (1-D) /σ 

The generalisation of the model to the multiaxial case 
is complex, and requires that the damage tensor be taken 

into account D which includes much more information than 

in the previous case due to non-zero elements. However, 
a generalization of the criterion may be proposed in the 
form: 

Sup [ (I-D) :σ]ij=σc 

The application of the equation of consistency to this 
criterion shows that the initial isotropy of the 
material is destroyed by the damage. 

ABSORPTION OF WATER IN A DAMAGED COMPOSITE MATERIAL. 

The influence of moisture on the modification of 
the behaviour is an open question, and BUNSELL (1989), 
for example has presented a complete study of this 
question. The mechanisms are relatively poorly defined, 
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and even the measurement of the rate of absorption is 
difficult as, while the water take-up can increase the 
weight of the specimen, it can also decrease it by the 
destruction of the resin. Under these conditions, and 
particularly for long times, it is difficult- to relate 
directly the absorption rate with the weight change. 
Coupling between the behaviour and the moisture content 
is observable at different levels, but between the 
damage and the water pick-up it is relatively easy to 
show. Figure 4 shows the evolution of moisture level (M 
= % mass absorbed) for a material with different levels 
of damage. The material studied is a laminate [+55, 
55] S. The flat specimens were subjected to oligocyclic 
fatigue loading. The damage level D before failure is 
low. In fact, while D is caused by matrix cracking, the 
failure is caused by catastrophic delamination, 
initiated by a few matrix cracks. Thus the values of D 
do not exceed 5%, however, even for low D the water 

dM 
pick-up rate -^7 is sensitive to this parameter. One 

might propose for example the following expression: 

Ṁ = ṀO
 (1+αD) with α = 25. 

This equation is only valid for short times (t<20 days), 
as saturation is reached more rapidly for damaged 
materials than for undamaged materials. 

CONCLUSION 

The mechanical behaviour of composite materials 
may be modelled by the use of an inelastic damaged 
formulation. The water absorption rate is strongly 
influenced by the damage level. This phenomenon is now 
being studied, but one may also postulate that the 
inverse of the hypothesis above is also true, which 
implies the coupling of the mechanical formulation with 
the diffusion equations. 
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Figure l:Fluage d'un matériau +/-45° verre-époxy. 
Comparaison expérience-modèle. 
Creep of +/-45° glass-epoxy material. 
Comparison test-model. 

Figure 2:Module de relaxation d'un stratifié [+45,-45]2s 
Relaxation modulus of [+45,-45]2s laminate. 

373 



Figure 3:Evolution de la fonction asymptotique avec la 
contrainte effective d'un stratifié [+45,-45]2s 
en fluage. 
Change of the asymptotic function versus the 
effective stress in creep test for a 
[+45,-45]2s laminate. 

Figure 4:Effet de l'endommagement sur la vitesse de 
prise d'eau d'un stratifié [+55,-55]S. 
Damage effect on the kinematic of the rate of 
moisture for a [+55,-55]S laminate. 
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DEGRADATION OF COMPOSITE MATERIALS IN A 
MARINE ENVIRONMENT: 
NEW MATERIALS AND TEST METHODS. 

F. POMIES*, L.A. CARLSSON*, D. CHOQUEUSE**,P. DAVIES** 

Abstract - The change in composite material properties when these are 
exposed to a marine environment is of considerable importance to both 
designers and users of these materials. In this paper new materials are 
first studied, composites composed of a glass fibre reinforced 
thermoplastic PPS matrix. It is shown that their poor interfacial resistance 
to moisture ingress compromises severely the advantage of using a 
matrix which does not absorb moisture. In the second part of the paper 
the application of two non-destructive test techniques for following 
damage development, based on ultrasonic wave propagation and 
vibration (modal) analysis, are described. These are complemented by 
first results from a study using fracture mechanics tests to characterise 
delamination resistance. 

Keywords moisture, epoxy, thermoplastic, ultrasonics, vibration, 
fracture mechanics. 

INTRODUCTION. 

The influence of a marine environment on the properties of organic 
matrix composites has been widely studied in recent years (e.g. Springer 
1981, 1984, 1988, Jacquemet 1989). The standard approach employed 
involves following moisture pick-up with time and periodically 
measuring residual properties, typically using short beam shear strength 
and flexural tests. Unfortunately, the study of the kinetics of moisture 
pick up yields only information on the moisture content in the material at 
a given time, through diffusion coefficients. It gives no insight into 
property retention, and the subsequent failure behaviour in flexural tests 
can be strongly influenced by specimen geometry. 

* Department of Mechanical Engineering, Florida Atlantic University, 
Boca Raton, USA. 

** Marine Materials Laboratory, Ifremer, Plouzané, France. 
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The degradation of thermoset matrix composites in humid 
environments can be significant and demands serious study if current 
safety factors for long term exposure are to be reduced. Two approaches 
aiming to improve this situation are discussed in this paper. The first 
investigates the replacement of the epoxy matrix with a thermoplastic, 
PPS (polyphenylene sulfide), a matrix which should be quite insensitive 
to water. Such materials have been described in detail in a recent 
publication (Carlsson 1990). The second part of the paper discusses new 
test methods, both non-destructive and destructive, which should allow 
an improved characterization of moisture-related damage processes. 

MATERIALS 

Details of the materials studied in this work are shown in Table 1. 
They include unreinforced PPS, a unidirectional glass fibre reinforced 
PPS composite and a range of glass fibre/epoxy composites. Materials 
were processed according to manufacturers' specifications at Phillips 
Petroleum (glass/PPS), the University of Delaware (glass/epoxy 1) and 
IFREMER (glass/epoxy 2) 

COMPARISON OF THE BEHAVIOUR OF GLASS/PPS 
WITH GLASS/EPOXY 

MOISTURE PICK-UP IN DISTILLED WATER AND SEA WATER. 

Unidirectional composite samples of dimensions 50mm x 100mm x 2mm 
were immersed in both distilled water and sea water, at room temperature 
and at 35°C, for 5000 hours (over 6 months).- PPS samples of 
dimensions 50mm x 50mm x 0.6mm were also immersed. Moisture 
content was followed with time by periodic weighing. Examples of 
curves showing weight increase are presented in Figure 1 and the results 
are summarized in Table 2. It is apparent that : 

- for the materials saturated or close to saturation diffusion can be 
modelled by Fickian diffusion, 

- there is little difference in either the diffusion rate or the mass at 
saturation between immersion in sea water and distilled water, although 
moisture contents were slightly higher in the latter, 

- PPS absorbs virtually no water. The addition of glass fibres 
results in an increase in water absorbed but the composite still absorbs 
little moisture compared with the epoxy composite. Some published 
results for carbon/PPS (Demonet 1989) showed similar low values. 
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PROPERTY DEGRADATION 

Initial mechanical properties of both composites were measured and 
are shown in Table 3. These indicate a slightly lower transverse modulus 
and higher transverse strength for the glass reinforced epoxy. The data 
obtained here are in overall agreement with data available from suppliers. 
The glass/PPS transverse strength is however lower than the suppliers' 
value of 46.2 MPa. 

The transverse tensile test was used to follow degradation and 
results from tests before and after immersion are shown in Figure 2. 
Figure 2a shows : 

- A dramatic loss in the stiffness of the thermoplastic matrix 
composite, nearly 60%, after immersion. The value measured after 
immersion is similar to that of the unreinforced PPS. 

- Similar results are obtained in both distilled water and sea water. 
- There is no reduction in the modulus of the glass/epoxy after 

immersion and indeed slight increases are measured though these are 
within experimental scatter. 
With respect to transverse tensile strengths, Figure 2b shows : 

- That glass/PPS retains only 15% of its initial strength, after 
immersion. 

- The strength of the glass/epoxy is also reduced, by over 50%. 
Scanning electron microscope studies revealed very clean fibres on 
fracture surfaces of the glass/PPS specimens, while the glass fibres in the 
epoxy composite were still covered by large areas of resin. This 
microscopic study will be described elsewhere (Pomiès et al., 1993). 
It is clear from these results that : 

- the use of a matrix polymer which does not absorb water is far 
from sufficent to improve the moisture resistance of a composite 

- that the optimization of the fibre-matrix interface is critical in the 
improvement of the composite long term properties. 

- and most importantly that the amount of water absorbed by a 
composite gives no direct information about the subsequent property 
retention. The moisture pick-up by these glass/PPS composites amounted 
to less than 0.2% by weight at saturation, far less than that of nearly all 
available thermoset resins, and yet that was sufficient to completely 
destroy the fibre-matrix adhesion. 

It is apparent from these results that attention should be 
concentrated on the evolution of composite interface properties with time, 
and that reliable methods of obtaining the maximum amount of 
information on mechanical behaviour are essential. While direct 
measurements of interface properties are possible they generally involve 
specimens with single fibres (e.g. Dzral et al., 1980) or expensive 
equipment (Tse, 1985). Indirect methods which can be performed on real 
composites are therefore necessary. In the second part of this paper some 
such methods will be described. 
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ALTERNATIVE TEST METHODS 

The authors are currently investigating a number of non-destructive 
and destructive characterization techniques in order to characterise more 
completely the effects of aging in marine environments. Three of these 
methods are described briefly below and results are presented for aging 
tests on different glass/epoxy composites. 

MODAL ANALYSIS 

A promising method to measure in-plane elastic constants is by 
modal analysis. This technique has been described by Sol (1986) and 
involves exciting an instrumented composite panel or structure and 
measuring its response. In the version developed at IFREMER composite 
panels of typical dimensions 250mm by 150mm are used for a thickness 
of 3 to 4mm. (Optimization of dimensions has been discussed by 
Tsouvalis (1991)). These are instrumented by attaching very lightweight 
accelerometers (0.8g) as shown in Figure 3. The panel is suspended 
freely by elastic bands and tapped sharply. The first ten resonant 
frequencies are measured and from their values the in-plane elastic 
moduli can be determined using a custom-written PC programme. If only 
elastic constants are required then a single accelerometer is sufficient. 
With five accelerometers the mode shapes can also be identified and 
visualized. Figure 3 shows the experimental sequence used. 

The advantage of this technique is that it is rapid and non-
destructive, so panels can be immersed in water, removed for weighing 
and at the same time their elastic properties can be measured before re-
immersion. Scatter between specimens is thus eliminated. Some results 
from tests on glass/epoxy (resin number 2 in Table 1, with 0/90° fibres), 
are shown in Table 4. These results show the influence of different 
methods of determination of the stiffnesses, once the natural frequencies 
have been identified. For the three approaches presented the moduli E1 
and E2

 which are obtained are within a few percent of the values 
measured in flexural tests. The differences compared to measured shear 
modulus values are larger, around 20%, but the shear testing of 
composites is quite controversial. (Here values were measured using the 
two-rail shear fixture). 

In addition to the elastic constants, information on the damping of 
the material is also measured using this technique. This is clearly related 
to the development of damage and is currently under investigation, as it 
may prove valuable in characterizing different damage mechanisms. 

The disadvantage of the modal analysis technique is that only in-
plane elastic constants are obtained. A more powerful technique allowing 
the non-destructive determination of all the elastic constants has been 
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proposed based on ultrasonic wave propagation speed measurements. 

ULTRASONIC WAVE SPEED MEASUREMENTS. 

It has been shown by Hosten and co-workers (1990) that the 
measurement of ultrasonic wave speeds in different directions in 
composite materials can yield all the components in the stiffness tensor. 
This non-destructive test method is well-suited to following damage 
development in composites as it gives information on the through-the-
thickness direction, which is frequently the first direction to be influenced 
by damage. The specimen density p is first measured and it is then placed 
on a goniometer. Ultrasonic wave speeds in different directions are 
measured and, for example, the longitudinal speed VL in the fibre 
direction is equal to (С11/p). An example of the use of this method to 
follow moisture-induced damage development is given below. 

Both unreinforced and glass reinforced epoxy (n° 2 in Table 1) 
were characterized before and after immersion in distilled water at 60°C 
for 6.5 months.The elastic moduli before and after immersion are given 
in Table 5. The elastic properties of the unreinforced resin did not change 
during this period but significant changes in the composite properties 
were measured. In particular the shear moduli G13 and G23 decreased 
by around 20%, presumably due to interface degradation. These shear 
moduli are very difficult to obtain by other means, but they appear to be 
sensitive markers of through-thickness damage. The evolution of such 
properties is especially important in the development of composites for 
thick section applications such as submersibles. 

USE OF FRACTURE MECHANICS TESTS ON EPOXY/QX 
MATERIALS. 

The tests described above are useful in determining the influence of 
water on stiffness properties. As far as the failure behaviour of these 
materials is concerned, the most frequently used tests involve flexural 
and short beam shear (ILSS) specimens. Such tests are attractive as they 
are simple to perform, but they do not give a complete picture of the 
degradation in composite properties after moisture exposure. 

A collaborative study is currently underway between the FAU and 
IFREMER laboratories to characterise the influence of postcure, physical 
aging, distilled water and sea water on the delamination resistance of a 
range of glass fibre reinforced thermoset and thermoplastic matrices. This 
work will be described in detail elsewhere, but some preliminary results 
are available from tests on an epoxy matrix (number 2-(iv) in Table 1) 
reinforped with stitched quadriaxial glass fibres. 
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The material was laid up by hand with a thin (15 micron) 
aluminium defect at mid thickness between two 0° layers. The overall 
thickness was 10 mm, or 8 plies each consisting of four layers at 0/45°/-
45790°, stitched together. Tests were performed using three point bend, 
ILSS and end notched flexure (ENF) specimens. The latter is a mode II 
in-plane shear specimen which has been described elsewhere (Carlsson 
& Gillespie, 1989), and is shown in Figure 4a. The experimental method 
and data analysis employed was that included in the test protocol 
developed within the European Structural Integrity Society (Davies, 
1992), as no standard method exists for this test in spite of its 
widespread use in the aerospace industry. 

In Figure 4b some results are presented which show how ILSS, 3-
point bend properties and mode II fracture toughness evolve with 
postcure, and accelerated environmental aging. This shows that post-
curing can significantly reduce the damage initiation threshold, with GIIc 
(defined at the onset of non-linearity on the load-displacement curve) 
reduced by 25%. This post-cure treatment has little effect on the more 
traditional measurements of flexural and short beam shear properties. 

On the other hand the immersion of a second series of post-cured 
specimens in distilled water for 30 days at 60°C, which resulted in a 
weight gain of approximately 1%, is reflected in a drop of nearly 20% in 
flexural strength. However, the mode II fracture toughness actually 
increases during this immersion so that its final value is 10% higher than 
the as-moulded value. It is clear that the fracture mechanics test is 
sensitive to different changes than those traditionally followed and in 
particular it indicates the matrix toughness and interface integrity. The 
value of GIIc has also been shown to correlate well with the residual 
strength of composites after low velocity impact loading (Masters, 1987). 
As such it is of considerable importance in the screening of materials for 
marine applications. 

In addition to applying such tests to a range of other materials the 
current collaborative project is also studying the influence of 
combinations of stress and humid environments on crack behaviour. 

CONCLUSION AND CURRENT WORK ON OTHER 
MATERIALS 

This paper presents results from tests on glass/PPS composites, 
showing the high susceptibility of the fibre-matrix interface of this 
material to moisture. Much higher transverse modulus and strength 
reductions were measured than those in equivalent epoxy composites. 

Three alternative test techniques were then described. Modal 
analysis of plates was shown to be useful for following in-plane elastic 
properties. Ultrasonic wave speed measurements were described and 
employed to determine the evolution of the complete stiffness tensor with 
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time. Finally, fracture mechanics tests were shown to be sensitive to the 
change in matrix properties after postcuring and immersion in water. 

A data base is being established using these and other tests, so that 
long-term material properties can be predicted with more confidence. 
Materials under study include vinylester and thermoplastic composites. 
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MATRIX REINFORCEMENT (volume.%) 
PPS (i) Unreinforced 

(ii) E glass fibres, UD, 53% 
Epoxy 1 (5216, BASF) E glass, UD, 53% 
Epoxy 2 (SR 1500 ) (i) Unreinforced 

(ii) E glass 0/90° 
(iii) E glass fibres, Quasi-UD, 57% 
(iv)E glass fibres, Quadriaxial, 

Table 1. Materials studied. / Matériaux étudiés 

MATERIAL Distilled Sea water 
RT 35°C RT 35°C 

PPS <0.05 < 0.02 < 0.02 < 0.02 
*** *** *** *** 

Glass/PPS 0.17 0.18 0.13 0.15 
** *** ** *** 

Glass/Epoxy 0.63 0.96 0.57 0.94 
G) * * * * 

* not saturated ** close to saturation *** saturated 

Table 2. Results showing moisture absorbtion in weight %, of 
unreinforced PPS, Glass/PPS and Glass/Epoxy composites after 5000 
hours immersion in distilled and sea water at room temperature and 35°C. 
Reprise d'eau en poids, PPS et composites, eau de mer et eau distillée, 
température ambiente et à 35 °C. 

Material El 
GPa 

E2 
GPa 

v12 Gl2 
GPa 

X
1

T 
MPa 

є1 
% 

X2T 
MPa 

є2 
% 

SB 
MPa 

G/EPOXY 
G) 

40 
(1) 

9 
(1) 

0.28 4.0 
(.5) 

935 
(50) 

2.4 
(.2) 

37 
(5) 

.35 76 
(6) 

G/PPS 39 
(2) 

12 
G) 

0.26 3.9 
(.5) 

820 
(90) 

2.1 
(•2) 

29 
G) 

.24 52 
(9) 

Table 3. Initial mechanical properties of Glass/PPS and Glass/Epoxy 
composites. Shear properties measured using Iosipescu test. (Standard 
deviations in brackets). 
Propriétés mécaniques, verre/PPS et verre/époxy. Propriétés en 
cisaillement obtenues par l'essai Iosipescu. (Ecarts types entre 
parenthèses) 
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Elastic constant Closed form 
solution 

Min.-Max. 
Approximation 

Bayesian 
optimization 

El (GPa) 15.034 13.662 14.692 
(+15) (+4) (+12) 

E2 (GPa) 14.668 13.324 13.915 
(+12) (+2) (+6) 

G12 (GPa) 2.434 2.425 2.674 
(+21) (+21) (+33) 

v12 
(0.2 measured) 

0.039 0.309 0.143 

Table 4. Comparison of modal analysis results for in-plane material 
properties with experimental measurements, for 0°/90° glass/epoxy 
composites, (2-(ii) in Table 2) taking first ten natural frequencies. Values 
in brackets are percentage differences compared with experiment. 
Comparaison des résultats de l'analyse modale avec mesures 
experimentales. Valeurs entre parenthèses sont les différences en % par 
rapport aux essais. 

State Modulus 
(GPa) 

Unreinforced 
Epoxy 

Glass/Epoxy 

Initial values 

E1 4.9 26.7 

E2 
12.7 

E3 8.8 
G12 1.8 5.2 
G13 2.7 
G23 2.7 

After immersion 
60°C, 6.5 mths 

E1 
4.9 25.1 

E2 
11.4 

E3 7.6 
G12 1.8 5.2 
G13 2.0 
G23 2.2 

Table 5. Results from Ultrasonic Wave propagation measurements on 
unreinforced epoxy and quasi-UD glass/epoxy, (Epoxy 2(iii) in Table 1). 
Résultats de mesures de vitesse de propagation ultrasonore sur époxy et 
composite verre/époxy quasi-UD. 
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Figure 1. Moisture absorption / Reprise d'eau. 

Distilled water 

ШШШ) Seawater 

Figure 2. Influence of water on transverse properties. 
L'influence de l'eau sur les propriétés transverse aux fibres. 
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Figure 4. a) ENF specimen Eprouvette ENF. b) Influence of post-cure 
and water immersion on glass/epoxy properties. Influence de post-
cuisson et de l'eau sur les propriétés d'un composite verre/époxy. 
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38 
DAMAGE OBSERVED DURING INSPECTION OF 
COMPOSITE PLEASURE BOATS.* 

B. BARNOUIN1, P. RENAUD2 

Abstract - The main conclusions drawn from examinations made by an 
expert over the last twelve years on boats in the Bay of Arcachon, 
including both motor and sailing boats, are presented. The different types 
of damage most frequently observed in different areas of the boats are 
described, with distinctions made between superstructures, areas below 
the water-line and other components. The damage is defined, common 
repair methods are described and simple design modifications to avoid the 
problems are discussed. In conclusion, it is apparent that the problems 
related specifically to aging of the material are rare or very rare. With 
improved fabrication methods and mastery of the design process in-
service experience fully justifies the position of composite materials as the 
dominant materials for nautical construction. 

key words : damage, inspection, accident, motor boat, yacht. 

THE CONTEXT 

The Bay of Arcachon is an open bay fed by the sea and by a small 
river, the Leyre. 
Water characteristics : The water ranges from sea water of normal 
salinity (around 30 to 35 g/kg) to a purer water (15 g/kg) at the bottom of 
the bay. The water temperature ranges from 25° in summer to 5° in 
winter, and even down to -3° or -4° in certain ports with a higher 
freshwater content. 
General characteristics of the boats in the Bay of Arcachon : 
This bay is a privileged location for pleasure boating. However, the 
presence of a thick sandy-mud bottom limits the boat size to a range 
between 4m and 14m, with a mean of 7 to 8m. There are more motor 
boats than sailing boats. The principal construction material is polyester 
composite, but there are some wooden vessels and there are four local 
boatyards using wood. Among the motor boats around 20% are of 
foreign origin, mainly from the USA. The boats date mostly from the 
period 1970-1992, with a few earlier than 1970 (back to 1962). 

* Translated from the French original 
1 Director, Ocean Engineering Department, Ifremer, France 
2 Marine expert, MTC, La Teste, France 
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Basis of the observations : The information in this paper comes 
from over 10 years of inspections, mainly for insurance companies, 
following accidents, or for cost estimations. 

Boats inspected : Largely pleasure boats, used for one month in the 
summer period and a few weekends before and after. Small vessels 
wintering on land, larger vessels wintering afloat and benefiting from 
annual careening. 

Inspection problems : It is difficult to determine the exact state of the 
hull due to anti-fouling layers. It is also hard to check all the bottom, 
including the main parts, as interior fittings frequently make access 
impossible. 

For most usual damage : There is a lack of detailed knowledge of 
the materials used and of the fabrication conditions. There is also a lack 
of detailed drawings. (These documents are usually only supplied during 
judicial examinations). 

MAIN DEFECTS NOTED DURING INSPECTIONS 

STATIC AGING 

1. Star cracking 

- Above the water-line. 
Few star cracks, as they are mainly caused by external action. Few or no 
such cracks due to demoulding. 
- Superstructures. 
Some cracks in angles, caused by demoulding stresses or insufficient 
laminate or reinforcement thickness which promotes crazing when 
subjected to bending. 
- Below the water-line. 
Not visible on account of anti-fouling layer. 

2. Feather cracks 

This involves multiple fine cracks which can be very extensive. 
However, in general there is no debonding or spalling of the gel-coat. It 
is mainly observed on the superstructure or, to a lesser degree, on the 
hull sides. If the gelcoat is too thick it may debond or if there is 
insufficient or incompletely polymerised resin. As the appearance of this 
phenomenon often takes 10 to 15 years, this seems a reasonable lifetime 
for a gelcoat. 
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3. Flouring 

- Above the water-line. After about 10 years the gel-coat may show this, 
but again this seems to be a reasonable gel-coat lifetime. 
- Below the water-line. Not visible on account of anti-fouling layer, but if 
this is removed it is not observed. 
- Superstructures. Less often seen, but may result from the passage and 
frequent light rubbing of the crew. 
This suggests that this flouring is principally the result of the sun's action 
and perhaps friction effects. 

4. Loss of pigment 

- Above the water-line and superstructures. Rapid loss of pigment for 
bright colours (red, blue, green etc.) with the appearance of whitened 
areas. 
- Below the water-line. No effect on account of anti-fouling layer. 
The majority of contractors now use light pigments. While this gives 
good results for a long time it is unfortunate for the aesthetics of our 
ports, and progress in the long term behaviour of bright pigments is 
desirable. 

5. Porosity. 

This is apparent to the naked eye as multiple small holes the size of 
a pinhead. It is more often visible at sharp angles than on flat panels. It is 
particularly apparent above the water-line and on superstructures. Below 
the waterline as the gel-coat covered with anti-fouling coating is rarely 
damaged porosity remains unnoticed. However, in cutting the gel-coat 
thickness, microvoids are seen as clearly in the immerged areas as 
elsewhere. This porosity problem has been noted in several gel-coats and 
the solution should be sought in the quality of the components of certain 
gel-coats, in the means of applying it (manually with a brush or by 
projection "Airless" or by some other means), and in the elimination of 
fillers or pigments which reduce characteristics, notably those of sealing. 

6. Delamination. 

We have not observed delamination due to static aging. However, 
following accidents easy pulling-apart of fibres in polyester laminates has 
been noted. This is caused by insufficient resin, poor impregnation of 
fibres or by low quality resin and fabrics. It may be noted also that 
vacuum moulding offers a very significant improvement in laminate 
quality, as can be seen in the case of an American make of boat with the 
hull in form of gulls wings (the Boston Whaler), which shows a rigidity, 
homogeneity and overall quality markedly improved. 
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7. Humidity. 

Polyester composites give perfect watertightness to hulls, decks 
and cockpits. The only defects encountered have been for enclosed 
stiffeners. For certain models some compartments are completely closed 
and inaccessible. If laminated wooden stiffeners are enclosed therein, the 
confinement without ventilation in a moist atmosphere can lead to rapid 
degradation of the stiffeners and a debonding of the composite interface 
from them. 

8. Debonding. 

We have seen some debonding of composite laminates, for example 
on load-bearing bulkheads. Although such observations are rare it 
appears that the adherence of the composite to plywood is not always 
satisfactory. 

9. Osmosis. 

This phenomenon is only observed on areas below the water-line : 
no water, no osmosis. Mainly seen on boats built between 1975 and 
1985, it is revealed as colonies of small blisters or by separate blisters. 
The largest tend to be located towards the centre of the hull and the 
smallest near the waterline. 

Remarks. 
i) If water can penetrate the laminate by the exterior of the hull, it can also 
penetrate from the inside of the hold. Very few holds are gel-coated on 
the inside and such a finish would be very desirable. 
ii) There does not appear to be a particular situation for the appearance of 
osmosis. The places likely to favour its development, such as areas 
where thickness is doubled, e.g. in the bottom, the keel, the stem, on 
account of the increase in temperature during cure, do not show the 
problem more than elsewhere. On the contrary, it is on flatter surfaces, 
which in principal are well impregnated and rolled, that blisters appear 
more readily. 
iii) Accentuation. This effect, which can be removed by preventive 
treatments, may be accentuated by the same treatments if they do not 
respect certain application instructions and in particular : 
- for a new boat. 

- a depolishing of the hull, (not an abrasion), not too 
aggressive, to allow a good adherence 
- the application of a primer for adherence 
- the use of a sealing produst, following the number of layers 
and the amount recommended by the supplier. 

- for old boats. 
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- abundant and repeated rinsing, if possible twice with fresh 
water, 
- a long drying period in a dry place, for six months if 
possible, which may take place over the winter, 

- the control of the moisture level in the hull before use of 
these products, 

- application following the suppliers' recommendations 
(temperature, hygrometry). 

If these operations are not performed as recommended osmosis can 
develop rapidly, due to the moisture trapped in the laminate, under the 
watertight layer applied to the hull. Similarly, a rapid appearance of 
osmosis has been noted on boats on which the anti-fouling layer is 
scratched or removed each year (or frequently) or which have had their 
hulls completely cleaned down to the original gel-coat layer, in 
comparsion with boats which have several anti-fouling layers. Finally, 
after enquiries in local repair boatyards, it appears that boats which 
navigate on lakes in the region are more likely to show osmosis blisters. 

CONCLUSION 

In observing boat fabrication procedures it may be noted that the 
same gel-coat is used for both immersed parts of the boat and those in air. 
It is astonishing that there has not been a modification of the products 
used, according to the location on the boat, for which the properties 
required are not the same : 

- water resistance for immersed areas 
- resistance to sunlight and wear (rubbing) for exposed parts. 

In fact, over the last four years a growing awareness of this problem has 
been perceived, resulting in special treatment of the hull with an 
appropriate coating which has improved behaviour in an aquatic 
environment. We believe that development should continue in this 
direction, and in particular with an improved adaptation of materials (and 
of their fabrication) to end-use conditions and to the specific functions of 
each zone (according to loading, environment etc.). 
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DYNAMIC AGING 

In order to identify as exactly as possible the different problems 
encountered, we will examine the boat's structure successively according 
to location. 

1. DECK-HULL CONNECTION. 

a) Sailing boats. 
No particular problems have been encountered with these 

connections. However, among the different connection methods that in 
which the deck is clamped above the hull appears to be the best when that 
clamping is held by bolts and taken up by an internal lamination. The 
deck-hull joint at the stem sometimes poses a problem when the forestay 
fixing is only fixed to the deck. In this case an ovalisation of the bolt 
fixing holes can eventually lead to tearing of the top of the hull sides 
under the tension loads. The deck-hull joint should not be used to resist 
the stay tension. All stay fixings should be secured not only to the deck 
but also to the hull by a bolted or laminated metal fitting. 
b) Motor boats. 

In a motor boat the deck-hull joint participates actively in the 
stiffness of the hull and must therefore be particularly well made to resist 
wave impacts. In several types of boat deck-hull connections have been 
inspected, either riveted, stapled or bolted, which have degraded, either 
by fracture of the connecting elements or by tearing of the top of the hull 
or the deck in that region. When the joint is complemented by internal 
laminating no such problems have been noted. 

2. KEELS 

a) Sailing boats 
In modern forms the keelhas practically disappeared. The 

reinforcement, made up of the return of the garboard on the classical 
designs, is today replaced by thickening of the bottom. No problems 
have been noted here, provided that the stiffening angles are sufficiently 
numerous and their cross sections are correctly laminated. However, in 
some models these stiffeners are of limited height, so the beam effect and 
hence the rigidity are reduced. Also, some partial lamination has been 
seen and stiffeners have not been completely covered. This has resulted 
in water ingress, as water is always present in the hold, which has led to 
premature degradation. Finally, during the removal of samples it has been 
noted that the doubling of thicknesses, normally required for the bottom, 
the keel casing, and the returning garboards, are not always respected. 

In spite of these few defects, we have not found any particular 
damage in this zone except when the ballast has been subjected to major 
impacts. 
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b) Motor boats 
On these boats, as the keel plays a less important role than on 

sailing boats, no serious problems have been encountered except a lack of 
filling or thickness not being doubled. 

3. HULLS 

a) Sailing boats 
No particular problems with structural resistance have been noted. 

b) Motor boats. 
The hull resistance of a motor boat is much more complicated for 

rapid boats with uplift than for displacement boats. Transverse and 
longitudinal fractures have been noted, mainly on hollow stiffeners which 
were not relaminated on the inside. Other failures of floor panels, 
stiffeners, keelson supports, bulkheads and delaminations have also been 
observed, resulting from slamming loads at high speed. These different 
types of damage are mostly seen on the front third of the boat. It is 
apparent that the hull of a fast boat should be constructed to be as stiff 
and strong as possible. Problems then result from the response of interior 
fittings, bulkheads and engine support mountings. 

In order that these do not create stress concentrations which lead to 
breakage nor that they debond during wave impact, a particular attention 
should be paid to the the placing of cornering at the joints between 
bulkheads, stiffeners and diverse supports, and the hull bottom and 
sides, so that the relamination at the joint does not leave a sharp angle. 

As far as the hull materials are concerned it may be noted that in 
general hull bottoms made from stiff foam sandwich resist slamming very 
well and this ensures a rigid hull. However, sandwich hulls would 
benefit from improved specifications in order to avoid delamination 
between skin and core under wave loading. Apart from delamination, the 
main concern with sandwich hulls is to avoid water entry. Fabrication 
under vacuum would improve quality. On the other hand, a hull in 
monolithic composite must have a significant thickness and closer 
stiffeners and angles. 

4. RUDDER FIN 

Sailing and motor boats. 
When these are laminated in the same mould as the hull they do not 

pose any particular problems. When they are bolted on some play may 
appear with time, but this is quite rare. 
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5. HELM TUBES 

Sailing and motor boats. 
We have not met any problems with these tubes ; on the contrary, 

the use of composites enables good behaviour and water-tightness to be 
obtained. 

6. RUDDER BLADE 

a) Sailing boats 
When they are made in two half-shells, some problems have arisen 

in the joint between them, as well as problems with the drilling of the 
laminate skins by the metal fixtures connected to the rudder axis which 
are enclosed in the rudder blade. Thicker coatings are recommended for 
these fixtures, to avoid the drilling problems. Both these problems can 
result in water ingress and degradation of the internal composition of the 
blade. 

b) Motor boats. 
In this case very few rudder blades are made from composite, most 

are metallic. 

7. TRANSOM 

a) Sailing boats 
No particular problems. 

b) Motor boats 
The rear deck of motor boats with outboard motors is subjected to 

the reaction of the motors. No particular problems have been observed on 
the deck, but rather at the deck-hull connection. Debonding is sometimes 
seen. In addition internal reinforcements, often in plywood, if they are 
not completely coated can deteriorate quite quickly on account of stagnant 
water in the bottom of the hold. 

8. DECK 

Sailing and motor boats. 
The damage observed is in general caused by : 

- a delamination problem, for sandwich decks, This delamination is very 
often the result of insufficient reinforcements in large, flat areas. Bending 
of the deck is then possible between stiffeners, leading to skin/core 
debonding. However, such effects are usually only apparent after 15 to 
20 years, which remains a reasonable lifetime. 
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- star cracking of the gel-coat and cracking of the laminate. This is seen at 
fixing points on the deck, rail stanchions, balconies, shroud stanchions 
and more rarely at pegs and almost never at winches and jib rails. This 
indicates that it is necessary either to increase the laminate thickness or to 
place inserts and adequate counter-plates to avoid the bending of the deck 
which causes these star cracks. 

- from a problem of wear of the gel-coat, and particularly of the diamond 
points of anti-slip decks which are moulded. This problem is one of wear 
and is largely aesthetic. 

REPAIR 

GENERAL INTRODUCTION 

The repairs carried out in most repair boatyards are performed 
using the original gel-coat, but with standard fibres and resins without 
knowledge of the characteristics of the original fibres and resins. The 
principal resins used are thixotropic polyesters, while the fabrics are 
classic mat and rovings. Epoxy resins are not generally used for repair 
except if the boat was made in epoxy or if a hull treatment is necessary, 
kevlar, carbon and unidirectional fibres are practically never used for 
everyday repair. 

REPAIR CASES. 

1. Hulls scratched, gouged, damaged without perforation. 
Repairs are made by grinding, cleaning, degreasing, application of 

a prepared mixture of fibres ("choucroute") or of fabric and resin, mastic 
(often polyester), polishing and finishing with a gel-coat or painting. The 
main problem encountered is aesthetic and concerns the difference in 
shades of colour or in surface finish obtained after repair. Finishing using 
gel-coat, the best for a long life and the closest to the original state, 
requires a lot of man-hours in order to regain the original polish, and is 
generally only used for small repairs. In fact, in spite of the polishing 
time spent the colour difference very often remains. 

For large scratched or gouged areas, the solution often involves 
painting, mainly with two-component paints. However, while painting of 
an old polyester hull can restore its lost youth, for a damaged new hull 
painting will not restore its previous allure. 

2. Case of holed hulls. 
The problems encountered are : 

- the lack of access to the interior, on account of fittings and counter-
mouldings. In this case repair is performed from the exterior, with the 
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placing of an internal layer if damage is above the water-line, or by both 
exterior and interior with cutting if the damage is below the water-line. 
- ramifications of damage. When violent impacts take place then tearing 
of the hull can take place over a long distance as if the hull had burst. 
When such tears are many and long the boat, difficult to repair, may be 
classed as a wreck. 
- ramifications of star cracks. After impact star cracks may be visible. 
However, it is necessary to wait for several weeks, or even months, to 
know the full extent of the damage. Repair is then a delicate operation and 
requires, if it is to be done properly, removal of the gel-coat over all the 
star cracked area, and even the placing of new fabrics to stop and mask 
cracking, before the re-application of the gel-coat. Repairs of holed hulls 
are carried out by tapered cutting, placing an internal panel, and adding 
fabric. When the shape of the part to be repaired is complex a mould is 
sometimes taken from another boat of the same series. This allows the 
missing part to be rebuilt in a mould and then fixed to the hull. 

CONTROL. 

These repair methods generally give very good results. However, 
there is practically no real control of the quality of the repair other than the 
know-how of the repairer and the respecting of fabrication conditions 
such as drying, complete degreasing of the part to be repaired, 
temperature, fibre and resin quality, etc. 

CONCLUSION 

The examination of hundreds of composite hulls leads us to 
conclude that their advantages greatly outweigh their disadvantages. 
Apart from a few problems, composites appear to be excellent materials 
for the construction of small boats. Above about 25 metres, metals are 
preferable. As far as fabrication is concerned we have encountered 
virtually no defects, with the exception of osmosis, which was related as 
much to the materials as to the fabrication method and the rapidity of 
construction. Composites also facilitate repairs and modifications. 
Finally, while composites possess a chemistry which requires learning to 
respect certain rules, it is nevertheless not necessary to employ personnel 
as qualified as naval carpenters. 
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COMPOSITE MATERIAL SUPERSTRUCTURES 

J.Y. LE LAN*, P. PARNEIX, |*P.L. GUEGUEN 

Abstract : Composite materials offer many advantages for the construction of metal 
hull ships' superstructures (lower weight, higher resistance to fire compared to 
aluminium alloy, integration of specific functions to the material..). DCN Lorient 
has the most of these characteristics to build the "La Fayette" class frigate 
superstructures. This paper discusses the developments that were undertaken for the 
choice and validation of the technical solutions retained and particularly the 
connection to a metal hull. The difficulties to be resolved during the manufacturing 
and assembly of the superstructures on board the prototype are also discussed. This 
concept can be applied to other types of ships with metal hulls, by adapting the 
technological choices to the design requirements. 

Key words : superstructure, ship, composite, steel-composite joint 

INTRODUCTION 

Why build composite material superstructures? 

Attempts have always been made by Naval Architects to lighten the upper 
parts of ships to enhance their stability. Consequently the superstructures of modern 
warships were made of aluminium alloy. Past naval actions, particularly during the 
Falkland War, proved the limitations to the use of these superstructures regarding 
their resistance to fire. As a result, DCN Lorient decided to develop the use of 
composite material superstructures to replace the metal (steel or aluminium alloy) 
superstructures. The support program was the construction of the "La Fayette" class 
frigate, (fig.l). 

ADVANTAGES AND DISADVANTAGES 

The construction of composite material superstructures offers many 
advantages that will be analysed hereafter, but also some disadvantages due to the 
novelty of this technology and the application of the techniques to composite 
materials. 

DISADVANTAGES 

The main disadvantages are : 

- higher cost price , 
- "metal culture" of the shipyards, 
- fixing of equipment is notas easy as to metal structures, 
- sensitive volume reduced due to the thickness of the structure, 
- precautions to be taken for the electromagnetic protection, 
- absence of electric grounding, 
- low resistance to fragment impacts. 

* DCN Lorient, France 
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Cost price 
During the preliminary project phase, the "La Fayette" class frigate was 

designed with a steel hull and DCN had decided to construct steel superstructures 
instead of aluminium alloy superstructures due to their weak resistance to fire. A 
feasibility study concerning the construction of composite material superstructures was performed. The composite structures chosen were : 

- stiffened monolithic structure (glass fibre/polyester resin by contact moulding) 
-stiffened sandwich structure (skin : glass fibre polyester resin; core : balsa using a vacuum bag moulding process 

The results of the comparative analysis are summarized in the table that follows : 

Type of structure Relative cost 

E355FP type steel 1.00 

monolithic composite structure 1.36 

sandwich composite structure 1.34 
* Relative cost — structure + insulation + electromagnetic protection 

This analysis shows that the composite technology is more expensive. It should be noted that the steel construction technology has reached a level of industrialisation that is not curently applied to the "composite" technology, (composite materials offer an important possibility of progression in this field). 

"Metal culture" of the shipyard 
Most naval shipyards are equipped and organised to manufacture metal ships, particularly those made of steel. 
The "composite" technology has remained the domain of a small group. For the construction of composite material superstructures connected to a steel hull, the two "cultures" have to meet at all levels of research, design, préfabrication and assembly. Many meetings were organised to find common solutions concerning particularly: 
- connection of the superstructure to the hull, 
- handling of the superstructure blocks, 
- outfitting of the superstructures. 

Fixing of equipment 
Welding is the most adaptable method for the fixing of equipment to metal structures. For the composite structures the need to develop a mode of fixing including "inserts" or gluing was necessary. These fixings must be followed by an evaluation campaign to determine their static and dynamic resistance. The gluing technique achieves the adaptability of welding but its implementation is difficult to obtain in shipyards due to the lack of training of the workers and the poor environmental conditions of the shipyard that is not adapted ( temperature, humidity, dust). Bolting through inserts is normally used but demands, first of all’ studies of the geometry and weight of the equipment. This definition can be obtained for series constructions but not for a prototype. 
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Reduction of the sensitive volume 
Composite materials, having weaker mechanical properties (stress and 

modulus) compared to metallic structures, require the use of stiffeners to increase 
the inertia of the system, thus creating a loss of volume inside the structure. This 
restriction must be taken into account from the beginning of the project to avoid 
problems concerning internal arrangements. 

Electromagnetic protection 
Metallic structures, due to their nature, create a Faraday Cage in the 

technical rooms which is not the case for composite materials. Electromagnetic 
interference can appear and create major problems. This must be studied very 
closely and the existing solutions will be described in this paper. 

Absence of grounding 
Composite materials do not conduct electricity. A grounding network must 

be anticipated for the operation of the electrical equipment. 

Weak resistance to fragment impacts 
The weak resistance of composite materials to fragment impacts is a 

relative disadvantage concerning the building of superstructures. Metal scantlings 
also offer a very weak resistance to bullets or fragments which implies a reinforced 
protection. 

ADVANTAGES 

Among the advantages we can mention : 

- weight reduction, 
- lower stress levels, 
- easy maintenance, 
- improved thermal insulation, 
- possibility to add specific functions (absorption of radar cross 
section, shielding), 

- good behaviour in fire , 
- improved finish, 
- reinforced electrical insulation. 

Weight reduction 
The feasibility study mentioned above enabled us to compare the weight of 

the structures. The result is that composite structures are lighter as shown in the 
table below : 

Type of Structure 
weight * 

Relative 

E355FP type steel 1,00 

Monolithic composite structure 0,60 

Sandwich composite structure 0,55 
* Relative weight = structure + insulation + electromagnetic protection. 
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Lower stress level 
The low Young's modulus of composite materials compared to steel (15 

GPa compared to 210 GPa) shows that these structures possess a lower level of 
stress for deformations of the hull in swell. This makes it possible to limit the risk of 
rupture by fatigue. 

Easy maintenance 
The use of composite materials for the superstructure allows the cost of 

maintenance to be limited compared to metal superstructures, which are strongly 
affected by corrosion and need constant maintenance. 

Improved thermal insulation 
Composite materials possess good thermal insulation which is practically 

integrated in the structure with the use of sandwich structures. What's more, the 
infrared signature of the ship is lower when composite materials are used. 

Possibility of adding special functions 
During the manufacturing process of composite material superstructures, 

the material is manufactured at the same time as the structure. It is possible to 
include fillers in the basic materials ( fibre or resin) or other materials to modify the 
strength, working properties or other qualities. This can lead to reinforcement of the 
radar cross absorption or fragment resistance characteristics. 

Good behaviour in fire 
Composites including organic matter are combustible. The nature and 

texture of reinforcement plays an important part in fire resistance. In the materials 
chosen for the superstructures, combustion is relatively slow through the thickness 
because of the "barrier" constituted by the glass fibre which leads to a good 
protection. The major asset of composite is its low rate of thermal conductivity 
limiting the risks of propagation of the fire. Different experiences and accidents 
show that in such conditions, the fire stays in the room where it started. Moreover, a 
great number of trials show that the gas discharge is not higher during combustion 
of composite materials than during the burning of materials used for the 
accommodations. 

Improved finish 
Manufacturing of the composite material superstructures on a worktable or 

in a mould results in a perfect surface evenness that cannot be obtained for steel or 
aluminium alloy superstructures. 

Electrical insulation 
The electrical insulation feature of composite materials avoids the problems 

of short-circuits or accidental grounding. It will be checked, however in certain 
configurations, that there is no risk of static electricity. 

TYPES OF STRUCTURES 

The feasibility study mentioned above showed the advantages (lower cost 
and weight) of stiffened sandwich superstructures compared to stiffened single-skin 
superstructures. First of all, sandwich structures have less stiffeners than monolithic 
type structures and are easier to manufacture "mechanically". In addition, integrated 
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thermal insulation and the natural non conducting barrier created by sandwich 
structures are advantages to be taken into account. For these reasons, DCN 
LORIENT chose sandwich materials manufactured by contact moulding . The skins 
are made of glass fibre, isophthalic polyester resin and end grain balsa core. Balsa 
was chosen for its superior resistance to temperature compared to P.V.C. foam 
cores. Transverse stiffening was favoured and the whole of the partitioning was used 
to reinforce the structure. 

Once this architectural choice had been made, it was necessary to resolve a 
certain number of difficulties before the industrial application phase . 

PROBLEMS TO BE RESOLVED 

Connection of superstructures to a metal hull 
While the problem of connecting metal to composites has often been 

resolved for small parts, connecting composite superstructure blocks weighing up to 
80 Tons to a frigate's steel hull has rarely been attempted (dimensions: 
38x15x8.5 meters). Two types of assemblies were considered. First of all, a simple 
solution used to assemble secondary structures to the hull This type of assembly is 
not subjected to large loads. It was decided to use the solution which involved 
bolting (fig. 2a). Secondly, a structural solution concerning the external part of the 
superstructures. This type of assembly, exposed to high loads, is developed below. 

The main constraints are the following : 

- mechanical : the connection area must be resistant enough to last during the whole 
life cycle of the ship. Continuous stress must be closely examined. A warship also 
includes a certain number of specific characteristics, for example, resistance to 
underwater explosions. 

- functional : to preserve the furtivity of the ship, the connection must avoid 
discontinuities (minimise the radar cross section). 

- industrial : the chosen procedure must allow the construction of the connection in a 
dry-dock taking into account that the steel in this area is armoured (Mars 190). 
Moreover, the considerations concerning the metal "culture" of the shipyards 
encouraged us to look towards a solution where blocks could be welded to the 
superstructures. 

- economic : the price of the connection procedure must be as low as possible. 

ELECTROMAGNETIC PROTECTION 

The wide use of components and electronic systems in technical rooms 
situated in the superstructures causes an electromagnetic interference phenomena or 
electrostatic discharges which can be harmful to the good working order of the 
material. Composite materials do not conduct electricity and it can be necessary, for 
specific technical rooms, to build Faraday Cages. Among the existing solutions 
(conducting composite materials, conducting linings) most of will be evaluated 
considering the implementation and technical performance criteria. 
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RADAR CROSS SECTION 

Furtivity or stealth is one of the major characteristics contributing to the 
efficiency of a warship. As in aeronautics, the developments made in the recent 
years have revolutionised the rules of design for military ships : optimised shapes, 
suppression or protection of the appendix, absorbant structural materials, absorbant 
paints or bonded coatings etc. If composite materials with organic matrix used for 
the manufacturing of superstructures have the advantage of being less reflecting 
than metal, which is favourable to the reduction of magnetic signature, they also 
have the disadvantage of being transparent to electromagnetic radiation. It is 
necessary to make the superstructures impervious to electromagnetic radiations to 
avoid their reflecting by equipment. For reasons of confidentiality, it is impossible 
to give more details about the developments made in the Radar Cross Section field. 

SOLUTIONS CHOSEN AND QUALIFICATION 

Superstructure to hull connection 
The developments presented here concern essentially the connecting of the 

outside surface of the superstructures to the hull. 

Selection 
When the decision to fit the vessel with GRP superstructures was taken, the 

design of the steel hull was well advanced, so the following elements became 
constraints as regards to the connection : 
a) existence of a metal coaming to extend the hull plating, 
b) absence of longitudinal stiffeners under deck allowing the load absorption, 
c) necessity for stealth reasons to obtain the fewest discontinuities as possible 
between the hull plating surface and superstructures plating surface. 

Considering these constraints and with the concern to bring as few changes as 
possible to the steel hull design, it was decided that bolting through the deck, or an 
added part, was inefficient. Extending the hull steel coaming with a steel insert fitted 
into the superstructures, to which it would be welded, would offer a number of 
advantages. 

- continuity of the shape complying with stealth, 
- continuity of the stress flow from the deckhouse area to the hull area, 
- efficient connection ensured by welding the two parts; the steel hull workers 
dealing with the GRP sections may practically be unaware of their nature 
(psychological advantage to be considered), 
- complete water tightness of the two connected sections. 

Three assembly processes were selected : 

-1- steel plate bonded to the composite , 
-2-steel plate bonded and bolted to the composite, 
-3-steel plate bolted to the composite. 

An evaluation campaign allowed the different processes to be tried, and to 
test them with regard to their mechanical strength in tensile and bending tests. 
Generally, the best results are obtained with bonded and bolted assemblies, but this 
type of connection is the most complicated and expensive. The bolted assemblies 
seem to be less effective. No rules govern the mode of rupture that occurs, shearing 
of the composite around the bolts, or by delamination at the different interfaces. The 
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bonded connections constitute a good compromise which offers good mechanical 
properties associated with easy fabrication. Failure is often caused by delamination 
between the lower skin and the metal insert. 

These elements led us to retain for the qualification tests, the assembly 
presented in figure 2b. 

Qualification of the retained assembly procedure 

The assembly retained was submitted to qualification tests in order to check 
its aptitude to support dynamic loading and, on the other hand, to optimise the size 
of the metal plate. 

First, mechanical fatigue tests were performed. Tensile test samples were 
loaded at 10% of the breaking load determined during static tests. The loads were 
applied with a frequency of 5 Hz during 2.106 cycles. After testing, no visible 
damage to the connection was noticed. These observations were confirmed by 
rupture tests conducted to evaluate the residual connection properties : no reductions 
of the mechanical properties were recorded. Test samples were then submitted to 
ageing in a thermal cycle between +50°C and - 30°C. Samples were taken at regular 
intervals and showed that no alteration of the connection properties could be 
observed. 

Finally underwater explosion trials were undertaken on test samples of a 
metal hull including parts of composite material superstructures. The connection 
procedure described above was slightly improved. In order to compensate the 
thickness of the panel and complete the thermal insulation of the room, a balsa core 
was bonded to the steel plate and a GRP skin was laminated on the core. The base 
ends of the stiffeners were reconstituted. The whole structure was submitted to an 
underwater explosion test (ratio K=0,9). No significant damage was noticed on the 
structural part of the assembly. 

An important part of the qualification stage included the optimisation of the 
steel plate inserted in the composite structures. It is very important that the 
steel/composite bonding is not damaged during welding or cutting, of the steel plate. 
The experiment consisted in : 

- measuring of the temperature gradient on the plate during cutting and welding, 
- mechanical testing on samples with different sizes of plates. 

These trials proved that the assembly reaches its optimal properties with a 150 mm 
plate. 

During the evaluation campaign no ageing tests of the steel/composite 
connection in humid conditions were made. On the other hand, trials led for other 
programs showed the excellent performance of this type of connection in conditions 
of immersion/emersion during 18 months and also in severe saline fog conditions. 

Electromagnetic protection 

The solution chosen to protect certain technical rooms from 
electromagnetic radiations for minehunters was to add a brass screening bonded 
inside the room. This solution is difficult to implement: due to the presence of 
stiffeners and the need for continuity of the screen to conduct electricity. Metal 
spraying processes are easier to implement and their efficiency has been proven 
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during electromagnetic field tests : superior attenuation compared to brass in a 
magnetic field, equivalent or slightly superior attenuation in electrical fields. 
Metallisation by oxy-acetylene spraying applied with a gun has the disadvantage of 
causing high temperature rises which could damage the resin. Optimisation of the 
external layers of composite can limit this degradation to obtain a satisfactory 
surface adhesion between the composite and metal lining. 

The metal lining offering the best results in ageing stability is the Zn/AL 
85/15 schoopage. A compromise must be found concerning the thickness of the 
lining : to accomplish the electromagnetic protection a certain thickness is necessary 
while the ageing stability is best when the lining is thin. To protect the metal lining 
against external aggressions, a coat of resin, reinforced or not, is applied. 

Radar cross section 

A particular effort was accomplished to imply the furtivity aspect at the 
beginning of the ship's design. The figure 1 shows that the shapes were optimised : 
suppression or protection of the appendix, suppression of right angles. The external 
panels of the superstructures are slanted to limit the signature. 

Concerning the "material" aspect, different development were made 
including : 
- implementation trials and control of the efficiency of the linings on the panels of 
wide dimensions, 
- implementation trials on small tug type vessels . These trials allowed us to judge 
the bonding difficulties on a ship and also, to measure the ageing qualities of the 
material and of the bonding. 
- the manufacturing of a demonstrator representing the shape and materials of the 
superstructure. 

CONSTRUCTION 

Presentation 
The superstructures of the La Fayette class frigate are divided into 4 

sections (blocks) that are pre-outfitted before mounting to the steel floater (fig. 3) 
The fore section (block n° 4) includes the wheel house, combat information center 
and telecommunications control centre. Mainly for the purpose of ballistic 
protection, this block is made of armoured steel. The 3 aft blocks (blocks 1,2 and 3) 
are made of composite materials. The main characteristics are the following : 

Length : 38m Height : 6,5 to 8,5 m 
Width : 15m Weight: 83 Tons 

The mounting of blocks 1 and 2 to the floater is made by welding the steel plate 
incorporated into the blocks and by bolting of the bulkhead end bases (fig. 4). The 
fitting-out of block n° 3 is carried out by bolting the bulkhead end bases only. 
Blocks 1 and 2 are connected together by lamination the sliding joints are mounted 
between blocks 2,3 and 4. 

Construction Methods 

Manufacture of the blocks is achieved by assembly of prefabricated 
elements. To reduce costs, the fabrication of blocks 1 and 2 is done upside down on 
a special mounting frame with adjustable supports placed every 2 meters. This 
mounting frame allows the adjustment of the 1% inclination of the block roof, the 
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inclination of the plating and the adjustment of the width. The assembly of the decks 
and bulkheads is ensured by composite angles. After turning over and mounting the 
blocks aboard, the sandwich structure is restored as well as the stiffeners described 
previously. The bulkheads adjusted in U-shaped steel supports welded to the deck 
are bolted after filling with a compound ensuring watertighness and perfect fitting. 

Préfabrication 

The panels constituting the blocks are manufactured on a plane table 
measuring 370 m2 (23m xl6m) or a camber table of 180 m2 (15m x 12m). 

The panels are defined by the following characteristics : 

- sandwich - stiffeners structure, 
- dimensions, 
- position of the inserts, 
- position of the rabbet for assembly by right angles, 
- position of the layers for connection. 

Manufacturing of the panels is achieved by lamination of the first skin by 
contact moulding. The core, metal plate and syntactic foam inserts are vacuum 
bonded during the same operation. Afterwards, the second skin is laminated by 
contact moulding. The panels are cut after marking off and lamination of the 
stiffeners. The design office must accurately define the position of the inserts before 
starting the manufacturing. 

Assembly of the blocks 

Block 1 is the first to be assembled. An assembling jig is used for 
connections (required accuracy : plus or minus 5mm), the inclination of the plating 
and the 1% inclination of the roof. Special attention must be given to the marking-
off of the prefabricated elements : 
- large thickness of the panels (60 mm) must not be neglected, 
- taking into account of the angles between the panels for perfect fitting. 

For the frigate particularly, the handling of block 1 made it necessary to fit 
bulkheads for stiffening at the helicopter hangar level, the opening for machine 
embarking and the aft part. The block is bolted to a metal frame which allows its 
turning over with 3 travelling cranes of 150 and 40 tons. 

The difficulties of handling and the risks for the structure put into question 
the initial choice of the upside down assembly. It was decided to manufacture the 
following blocks by levels, the assembly of the plating and adjustment of the width 
were done last. 

Mounting on board 

The sandblasted blocks are assembled to the floater after the following 
operations : 
- welding of the metal plates, 
- restoring of the sandwich structure by bonding the balsa core with compound, 
- restoring of the stiffeners, 
- bolting of the bulkhead bases in U shaped steel supports welded to the deck, 
- filling of the U shaped steel supports with compound. 

The fabrication of composite materials in non specialised workshops make 
it necessary to consider a few constraints : 
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- problems of coactivity with the other different trades, 
. no open fires are allowed near the lamination process, 
. movable means for the aspiration of dust must be arranged, 

- problems of temperature and hygrometry : 
. In winter conditions the working area must be heated to reach a 

temperature superior to 10°C. The amount of catalyst must be adapted to obtain a 
correct gel time of the resin. 

- a forced ventilation is ensured by movable means in the working zones. 

Outfitting 
During the outfitting phase, the following operations are performed : 

- protection of the zones sensitive to electromagnetic radiations, 
- implementation of the grounding network, 
- fitting of the networks and equipment, 
- construction of the finish : painting, coatings. 

POSSIBLE EXTENSIONS 

The general concept can be extended to other applications in the civilian 
and military fields. According to the standards ( OMI, SOLAS..) certain points : 
nature of the materials, scantlings and connection processes, will be adapted. 

In military applications, we can consider the construction of complete 
superstructures for medium tonnage ships (from 1000 to 6000 Tons). A ballistic 
protection can be added (armouring with light metal or ceramics) while keeping in 
mind the philosophy of composite superstructures. An extension to heavy tonnage 
ships, air craft carriers, is realistic. It should be mentioned that this type of solution 
was not conceived to resist to nuclear blasts. Its behaviour under these dynamic 
loading must be studied and validated. 

For civilian applications (fishing boats, service craft, ferries and cargo 
ships) the use of composite material superstructures offers a certain interest, mainly 
because of the reduced maintenance and lower weight. The main drawback is the 
purchase price which is superior to metal technologies. An effort is to be made in 
this direction : optimisation of the procedure, industrialisation of manufacturing 
methods, reduction of the scantlings etc. The use of this technology for off-shore 
rigs is currently being considered. 

CONCLUSION 

To date, two complete superstructures have been built, the third is being 
completed. Trials at sea should confirm the functional advantages of the composite 
technology. At this time it is already possible to draw lessons from this option. 

Their manufacture is more expensive than that of metal superstructures 
which can penalise the extension to other applications, particularly to civilian 
applications. Nevertheless, if we consider the cost of possession, the composite 
solution is competitive with metal solutions while adding an undeniable 
technological advantage. Recent studies in the field of off-shore applications 
confirm this conclusion. 
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To limit the cost of superstructures, it is important to determine the 
conception at an early stage of the project : the cost of modifications is much higher 
than for metal elements. A substantial reduction of the manufacturing cost can be 
obtained by the use of mechanical means and by the optimisation of certain phases, 
for instance, the assembly. 

Benefiting from this experience, DCN Lorient proposes to equip the future 
French Navy ships with composite material superstructures. 
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FIG 1 :artist's view of the LAFAYETTE class frigate 

FIG 2 :types of assembly 
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FIG 3 superstructure blocks 

FREGATE BLOC 1 BLOC 2 BLOC 3 

L (m ) 125 19 8 11 

1 (m) 15.4 15 15 12 

H (m) 6.5 6.5 8.5 

M (T) 3500 35 22 26 

FIG 4 mounting of the superstructures to the hull 
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Nautical construction with composite materials. Paris, December 7th to 9th 1992 
IFREMER, Actes de colloques n° 15, paper n° 40 
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COMPOSITE PIPES: PROTOTYPE PIPING SYSTEM ON A 
FISHING BOAT 

J.CROQUETTE* X.DUFOUR** J.M. FORESTIER*** 
J.C.PARQUIC**** 

Abstract: A composite prototype engine cooling piping system was 
installed in 1990 by SBPI on a 50 meter fishing boat owned by Jégo 
Quéré. The installation on board was easy and no incident has happened 
since the beginning of this experiment, which is followed by a working 
group coordinated by Ifremer and checked by Bureau Veritas. Extended 
application of composite pipes may be contemplated. 

Key words: composite pipes, boats, fishing, corrosion 

COMPOSITE PIPES: PROTOTYPE PIPING SYSTEM ON A 
FISHING BOAT 

COMPOSITE PIPES ON SHIPS 

Several hundred meters of piping are commonly found on a ship. 
Except for the sanitary applications, where copper alloys and PVC, 
Polyethylene are used, most of the water piping systems are usually in 
galvanized steel, at least in the engine room and for the safety 
equipments. 

The piping systems which carry sea water are particularly 
vulnerable to corrosion because they associate metals of different 
natures, consequently creating galvanic effects: for example galvanized 
tubes connected to brass portions of pumps. The deterioration is 
accelerated by hot water, and the development of fouling . 

The consequences are important in terms of safety, of work and 
cost unless the material used is cheap. The other alternative metals 
used, stainless steel and Cu/Ni alloys are expensive and do not solve 
completely the corrosion problems. 

* Ifremer 
** SBPI 
*** Bureau Véritas 
**** Jégo Quéré 
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The GRP pipes are considered as a solution for the future: they 
are resistant, light, easily assembled, not affected by the galvanic 
corrosion, and less sensitive to the fixation of fouling. 

Their main problems for a wider use are the price of the tubes 
and of the fittings, and the difficulty of acceptance by the IMO and the 
National Authorities that they justified by fire and poor shock properties 
of these materials. 

However, following several series of tests, the opinion of the 
regulatory authorities has started to evaluate and the IMO has been 
working on a document which will be soon adopted under the form of 
guidelines. 

Without waiting for the achievement of these guidelines, several 
French organisms (Bureau Veritas, Ifremer, Secrétariat d'Etat à la Mer 
(Centre de Sécurité du Morbihan), an installer (SBPI), a ship owner 
(Jégo Quéré) and a shipyard (Piriou) have put their experience in 
common in a working group, to study the technical and regulatory 
problems related to the use of these new materials. 

The working group soon realised that the lack of experience in 
real working conditions represented an important barrier, and it was 
decided to experiment a prototype of composite piping system for the 
engine cooling of a fishing boat. The ship owner, Jégo Quéré and the 
installer, SBPI, designed, realized, and installed the prototype of 
composite, in replacement of a part of the steel equipment. The 
agreement was given by the Bureau Véritas 

DESCRIPTION OF THE PIPING SYSTEM: 

The installation was made in 1990 on the "Capitaine Cartier", a 
59 meters steel fishing trawler boat made in 1972. 

The prototype composite piping system provides the sea water 
necessary to cool, through heat exchangers, the fresh water of the main 
engine cooling system. 

Figure 1 indicates the composite portions: 
-from the sea water mains to the pump, 
-from the pump to the engine 
-from the engine to the fresh water cooler, 
-from the cooler to the hull with a derivation for the cooler of the 

reducer. 

All the valves are in steel. The photos 1 to 3 show characteristic 
portions: connections with the steel valves, flanges,... 
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DESIGN-INSTALLATION ON BOARD-CONTROL 

Design 

For the design of the piping, it was necessary to take into account 
the additional length necessary for the bonding of the tubes, of the fixed 
geometry of the bends, and of the existing equipment in place in the 
engine room: other pipes and flanges. The connection with steel flanges 
was made with special fittings, because the types and dimensions of the 
flanges were different. 

Only a scheme of the existing pipings was available in the ship 
owner's documents (no isometric description). Its was necessary to make 
a preliminary approximate design, and the final arrangements have been 
made on board. 

Finally, the geometry of the piping system is rather complex and 
a portion passes above the engine. A piping designed for a new ship 
would have been more simple. 

Materials 

The materials chosen by the installers for the tubes and fittings -
filament wound epoxy-glass - are used commonly by the oil companies for 
pipings in refineries, on offshore platforms and on tankers. A description 
is given in table 1. 

Supports 

The stiffness of the tubes is high enough for a use of the supports 
of the initial steel piping. The distance between collars varies from 2 to 3 
meters. They are equipped with rubber protection in order to avoid local 
deterioration of the composite tube. 

Installation on board 

During the installation on board, the lightness of the tubes was 
appreciated. They were first cut to correct dimensions and a special 
device provided by the manufacturer was used to prepare their ends for 
bonding. The different portions were then put in place and maintained 
with ropes; finally, they were glued. The usual precautions for proper 
bonding have been taken: quality of the surface preparation, degreasing, 
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correct amount of hardener and sufficient time and temperature for 
hardening. 

Costs 
From the experience in the use of composite pipes on offshore 

platforms and on dredges, a high benefit is found in the design a 
maximum number of straight portions, limiting the number of bends. 
When designing the piping system for a new boat, it is interesting to 
start by composite piping. For the replacement of an old piping system, 
this is not possible and the geometry of the composite piping may be 
complex, like in our experience. 

The cost of the material is nearly 5 times the galvanized steel, 
but that the installation by an experienced team is easier and quicker 
than for steel, thanks to the lightness of the composite tubes. 

Globally, the cost of a composite piping on a new boat is 
estimated: 

-Equivalent to stainless steel 
-Nearly 3 times more expensive than galvanized steel 
-Cheaper than Cu-Ni alloys,mainly for the high diameters. 

The ship-owner, who justified his choice by the low maintenance 
costs in the case of composite pipes, is satisfied with the results of the 
prototype after more than 26 months (15 000 hours of work). No incident 
has been observed. But the main interest of the composite material is 
starting after 15 months, which correspond to the delay for the 
appearance of the first corrosion problems with a new galvanized steel 
piping used on the same boat. 

Maintenance - control - repair procedures 

The material is not affected by galvanic corrosion. It is supposed 
less adherent to fouling than metals. No maintenance is necessary in 
principle. The non conductivity might have produced displacements of 
the corrosion problems to other areas. So, different equipments have 
been controlled, such as the heat exchangers. No problem has appeared. 

The shock resistance was found sufficient for normal work. 
Kits for bonding were provided by the manufacturer with half 

shells. With this equipment and a few additional portions of tubes, the 
crew can repair an incident at sea. 
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REGULATIONS REQUIREMENTS: APPLICABILITY TO OTHER 
BOATS 

Guidelines of the IMO 

The guidelines prepared by the IMO include a first part 
applicable to all pipings, which gives a series of recommendations and 
criteria related to the design, the selection, the fabrication, and the 
installation of composite pipings. The objective is to ensure the good 
mechanical and chemical behaviour of the piping faced with the different 
loadings met in normal use. 

The second part considers the fire behaviour of the composite 
pipes in order to define the acceptable piping systems and locations on 
board. 

The pipes for non essential pipings must only satisfy 
requirements of fire reaction: flame spread and emission of smoke and 
toxic gases. 

The pipes for the piping systems essential for the safety of the 
ship must satisfy additional requirements of fire endurance. Three levels 
of fire endurance have been defined: 

Level 1 
Pipings having passed the fire endurance test method specified in 

the annex 1 of the document, for a duration of a minimum of one hour 
without loss of integrity in the dry condition. 

This level is required in principle for: 
-the piping systems essential for the safety of the ship, which 

may be dry in usual service conditions, and located in areas 
presenting a risk of fire; 

-the piping systems where losses of integrity may cause outflow 
of flammable liquids and worsen the situation. 

Level 2 
Pipings having passed the fire endurance test method specified in 

the annex 1 of the document, for a duration of a minimum of 30 minutes 
in the dry condition. 

This level is required for systems essential to the safe operation 
of the ship, and which may be dry in normal operating conditions. 

Level 3 
Pipings having passed the fire endurance test method specified in 

the annex 2 of the document, for a duration of a minimum of 30 minutes 
in the wet condition. 

This level is required for systems usually filled with water, and 
necessary for the operation of the ship in satisfying safety conditions. 
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Level 1 and level 2 pipings may be used for the systems where 
level 3 is required. 

The IMO document includes a matrix which is shown in figure 2, 
which gives for each envisaged application, the level of fire endurance 
required, depending, on- the nature of the system and its location on 
board. 

Applications 
Examination of this table shows that: 
-The use of composite materials for systems containing 

flammable liquids should not be contemplated 
-The use of composite pipes out of the machinery spaces is widely 

authorized 
-In the machinery spaces, composite pipings may be envisaged for 

all the fresh and salt water systems, whenever they remain filled with 
water: ballast, engine cooling, washing, etc. 

-The fire fighting systems seem to be excluded. However, this 
application could be interesting because the corresponding metallic 
systems are often corroded. On board fishing boats, the fire mains are 
also used for the fish washing system, and so are permanently filled with 
water under pressure. 

A level L'1 obtained by extension of the IMO levels L1 and L3 
might be given to the piping having passed the fire endurance test 
method specified in the annex 2 of the document, for a duration of a 
minimum of 60 minutes in the wet condition. 

The piping qualified L'1 might be accepted for the systems 
maintained permanently under pressure, like the fire mains of fishing 
boats and the sprinkler systems. 

Such an extension of the IMO guidelines is considered as possible 
by Bureau Veritas, and is only subject to the results of a series of fire 
tests which are in preparation. 

THE LESSONS OF THE EXPERIENCE 

Our experience shows once more that a good reliability may be 
reached with pipings systems in CVR, when the products are well 
adapted to the envisaged use, and are made and installed with care and 
by experienced operators. 

It may be useful to summarize the main conclusions of the 
different experiences already made: 

417 



Design: A high benefit may be found in terms of price of the materials 
and of time for installation, in a system as straight as possible, limiting 
the number of bends. This should be considered at the stage of design. 

Fabrication: The production should be controlled by a Quality 
Assurance procedure, in order to obtain a good reproducibility of the 
properties of the tubes and fittings (Tees, bends, joints). If not, the 
procedures of fabrication should at least exist and be known and applied. 

Handling: The users should modify their attitude towards the pipes, 
taking into account the fact that the composite materials are - if not 
fragile-, at least liable to severe damage if minimum precautions are not 
taken during the handling before installation. 

Installation: First, it is important not to damage the external layer, 
which is sensitive to shocks and perforation (a protection should be 
necessary), as well as to abrasion (special collars are to be used) 

It is also necessary to take into account the stresses from thermal 
origin (flexibility of the system or compensation devices), those due to the 
service pressure and to the weight of the piping and the internal water. 
Guidance for support is given by the manufacturers. 

In the case of bonding, detailed guidelines are given by the 
suppliers. The experience shows the importance of making sure that they 
are known and observed, and even that it is recommended to have a 
procedure for the qualification of the installing personnel. 
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Photo 1 ^ 

4 Photo 2 

Photo 3 ^ 

Photos 1, 2, 3. Portions caractéristiques du circuit. 
Typical parts of the cooling circuit. 
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Figure 1 : Installation prototype 

420 



MATRICE DE RESISTANCE AU FEU EXIGEE 
©I fl'IiPHl 

7 in i»™ 

LEGENDES ET REMAROUES E 4 PLACE MENT 

ABREVIATIONS: 

L1 60 minutes à Tétât sec 0 Pas d'essai de résistance au feu 
L2 30 minutes à l'état sec - Sans objet 
L3 30 minutes plein d'eau X Matériaux métalliques 

NOIES: 

1 Lorsqu'un tuyautage non métallique est utilisé, des vannes commandées à distance doivent être prévues sur le bordé du navire (vannes commandées 
depuis l'extérieur du local). 

2 Des vannes commandées à distance doivent être prévues au niveau des citernes à cargaison. 
3 lorsque les atomes à cargaison contentent des liquides inflammables dont le point d'éclair est supérieur à 60° C, 0° peut remplacer ou *X*. 
4 Dans le cas de conduites de vidange desservant uniquement l'еspace concerné. 0° peut remplacer L1*. 
5 lorsque les fonctions de commande ne sont pas requises par des prescriptions réglementaires ou des directives. *0* peut remplacer *L1*. 
6 Dans le cas du tuyautage situé entre le local de machines et le joint hydraulique sur port, *0* peut remplacer *L1*. 
7 Dans le cas des navires à passagers, *X* doit remplacer *L1*. 
8 les tuyaux de dalotage qui desservent les ponts découverts aux emplacements 1 et 2. tels que définis à la régie 13 de la Convention internationale de 

1966 sur les lignes de charge, devraient satisfaire à la prescription * X * dans tous les cas à moins qu'ils ne soient munis, à leur extrémité supérieure de 
moyens de fermeture pouvant être commandés d'un emplacement situé au-dessus du pont de franc-bord ain d'éviter l'envahissement par les hauts. 

9 Pour les services essentiels tels que le réchauffage des citemes à combustible liquide et le fonctionnement de sifflet du navire. *X* devrait remplacer *0* 
10 Pour les pétroliers devant satisfaire le paragraphe 3(f) de la Règle 13 F. Annexe l-MARPOL 7376. *•* devrait remplacer *0* 
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CARGAISONS INFLAMMABLES (point d'éclair â 60* C) 
1) Canalisations de cargaison _ - L1 - - 0 -

(10) 
0 0 -

(2) 
Ll 

2) Conduites de lavage au pétrole brut - - Ll - - 0 -
(10) 
0 0 -

(2) 
L1 

31 Conduites de dégagement _ - - 0 _ S01 
0 _ X 

GAZ INERTE 
4) Canalisations à joint hydraulique d'évacuation des elluents - - o(1) - -

(1) 
0 

(1) 
0 

(1) 
0 

(1) 
0 - 0 

5) Canalisation de sortie du laveur 0(1) (1) 
0 - - - Ш - O(1) 

(1) 
0 - 0 

6) Canalisation principale 0 0 Ll - - - - - 0 -
(6) 

L1(6) 

7) Canalisations de distribution - Ll - - 0 - 0 -
(2) 

Ll(2) 

LIQUIDES INFLAMMABLES (point dédair > 60°) 
8) Canalisations de cargaison X X L1 X X 

(3) 
0 

(10) 
0(10) 0 - L1 

9) Combustble liquide X X Ll X X 
(3) 

0 0 0 Ll Ll 

10) Graissage X X Ll X X - - - 0 Ll Ll 

11) Huile hydraulique X X Ll X X 0 0 0 0 Ll Ll 

EAU DE MER (1) 
12 ) Collecteur principal et embranchements L1(7) 

(7) 
L1 Ll X X . 0 0 0 . Ll 

13) Collecteur principal d' incendie et en eau pulvérisée L1 L1 Ll X - - - 0 0 - L1 

14) Dispositif à mousse L1 L1 Ll - - - - - 0 Ll Ll 

15) Dispositif à eau diffusée L1 L1 L3 X Щ - - 0 0 L3 L3 

16) Ballast L3 L3 L3 L3 X 
(10) 
0 0 0 0 L2 L2 

17) Eau de refroidissement, services essentiels L3 L3 - - - - - 0 0 L2 

18) Nettoyage des citernes. machines fixes - L3 - - 0 - 0 0 - L3(2) 

19) Circuits non essentiels 0 0 0 0 0 - 0 0 0 0 0 

EAU DOUCE 
20) Eau de refroidissement, services essentiels L3 L3 _ _ _ _ 0 0 0 L3 L3 

21) Retour du condensa L3 L3 L3 0 0 . - - 0 0 0 

22) Circuits non essentiels 0 0 0 0 0 - 0 0 0 0 0 

SANITAIRES • VIDANGE • DALOTAGE 
23) Vidange sur Dont (intérieure) 

(4) 
L1 

(4) 
L1 

(4) 
Ll 0 0 0 0 

0 

0 0 

0 24) Vidange sanitaire (intérieure) 0 0 - 0 0 - 0 0 0 

25) Dalots et décharges (extérieurs) 0(1,8) o(1,8) o(1,8) o(1,8) o(1,8) 0 0 0 0 o(1,8) 0 

SONDAGE-AIR 
26) Citernes à eau/espaces secs 0 0 0 0 0 0(10) 0 0 0 0 0 

27) Citemes d'hydrocarbures (point d'éclair > 60* C) X X X X X Xя 0 0(10) 0 X X 

DIVERS 
28) Air de commande 

(5) 
L1 

(5) 
L1 

(5) 
Ll 

(5) 
Ll 

(5) 
Ll . 0 0 0 

(5] 
Ll 

(5) 
Ll 

29) Air de service (non essentiel) 0 0 0 0 0 - 0 0 0 0 0 

30) Saumura 0 0 0 0 - - - 0 0 0 

31) Tuyaux auxiliaires de vapeur à basse pression (≤ 7 bar) L2 L2 о(9) 0(9) 0(9) 
0 0 0 0 0(9) 0(9) 

A B c 0 E F G H I J K 

Figure 2 : IMO requirements for fire resistance. 
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Caractéristiques des tubes 

Fab. Réf. Procédé 
de fab. 

Angle 
Enroul. 

0 ext. 
[mm] 

ép. 
[mm] 

Poids 
au ml 
[kg] 

% V/R Temp. 
distor-
tion 

Résine/ 
Durcis-

seur 

Wavin SE 25 Sur 
filament 
acier 

55 ' 110,2 5,1 

00 
CM

 70 155 °С 828/MDA 

AMERON 2000 M Sur 
filament 
acier 

54 ' 114,6 5,2 3 70 > 110°C 827/MDA 

Caractéristiques des accessoires 

Fab. Réf. Procédé fab. 
coudes 

Procédé fab. 
brides 

% V/R Température 
distorsion 

Type résine 
+durcisseur 

WAVIN SE 25 Tissus en 
bande manuelle 

Tissus en 
bande mécanique 

65 144 °C 828 / IPD 

AMERON 2000 M Enroulement * 
filamentaire 

Enroulement 
filamentaire 

60 > 110 'C 827 / MDA 

Définition des assemblages 

Fab. Réf. Type jonction Technique de 
jonction 

Longueur 
collage 

Référence 
colle 

Température 
distorsion 

WAVIN SE 25 Cylindro-
conique 

Tulipe conique 
sur accessoire 
Cylindrique sur 
tube 

66 mm Wavin 
Type 2 

AMERON 2000 M Cylindro-
conique 

idem 46 mm RP 34 30 Z > 110 'C 

Table I : Materials 
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41 
EXPERIMENTAL AND NUMERICAL BEHAVIOUR OF 
THE STRUCTURE OF A 7.7 METRE SAILING BOAT AT 
SEA.* 

C. BALEY1, M. CAILLER2 

Abstract - The experimental sailing boat "Mesure Z", has been designed 
and built on behalf of F.I.N, (the French marine industry association). 
This research project has been managed in close collaboration with 
Bureau Veritas, Ifremer and the CEA. The GRP hull is similar to that of a 
production sailing boat, but it has been designed as a transducer-hull, i.e. 
a hull sufficiently sensitive to allow measurements (hull strains, 
acceleration, spar loads, etc), due to its structure and mechanical 
characteristics. This paper presents different aspects of the experimental 
boat, the materials and structure of the transducer-hull, and the behaviour 
of the central and bow regions of the hull during sailing. 

Key words : sailing boats, composites, measurements, finite elements, 
mechanical behaviour, navigation. 

INTRODUCTION 

The experimental sailing boat "Mesure Z" was designed and 
manufactured for the FIN. The project was carried out in collaboration 
with Bureau Veritas, the CEA-CESTA and the "Phares et Balises" 
organization (lighthouses and beacons). The programme in which it was 
developed had the aim of improving the knowledge of the behaviour of 
the hulls of sailing boats during navigation. The project was followed and 
oriented by the technical unit of the boat builders union ("Syndicat des 
Constructeurs de Navires"), the members of which belong to different 
French pleasure boatyards. 

The first step was to select a sailing boat model which would allow 
a transducer-hull to be built. For reasons of cost and tooling availability a 
7.66 metre hull built by the architects J. Finot, J. Berret and J. Fauroux 
was selected, and not a production boat. The structure of this hull is 
simpler than that of production boats, to simplify measurements. 

* Translated from the French original 
1 INERM, rue Didier Bestin, 56100 Lorient, France. 
2ISITEM, Université de Nantes, 44087, Nantes, France. 
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The main characteristics of the boat are the following: 
- overall length 7.66m 
- length floating 7m 
- overall width 2.85m 
- displacement 2.2 tons 
- draft 1.4m 
- height "franc bord" 0.9m 

Figure 1 shows a longitudinal section and a plan of the hull and its 
structure. Figure 2 shows the plan of the sails. Figure 3 shows a 
perspective view of a half-hull allowing the structure to be seen. 

Examination of figure 3 (half-hull in perspective) shows that the the 
hull is longitudinally reinforced by two ribbands and transversely by two 
bulkheads.The mast is supported on a plate (figure 1), the forward 
bulkhead being located in front of the mast. 

The second step consisted of fitting the boat with numerous 
transducers such as : 

- strain gauges, some oriented perpendicular to the boat's axis and 
disposed at the centre of each hull panel, others oriented in the direction 
of the ribbands on their flat surfaces at mid-distance between the 
bulkheads, 

- accelerometers placed on the stem and on the bottom of the hull 
above the ballast and oriented in the three principal directions of the float, 

- load transducers placed on the stay, the "pataras" and the shrouds. 
As knowledge of the environment is indispensable to interpret the 

data, other measurements were made : 
- navigation parameters (wind and hull speeds, orientation of the 

wind with respect to he boat's axis, heel angle, 
- wave characteristics measured using a Datawell buoy installed in 

the navigation zone. 
The study itself consisted of several steps : 
- selection of strain gauges after tests on laminate specimens, 
- fitting out of the hull, 
- static tests to check the operation of the transducer-hull 
- tests during navigation. 

It is not possible to present all the results here ; only some of the more 
interesting points will be discussed. 

MATERIALS 

The hull is made of composite materials (polyester resin reinforced 
with E glass fibres). It was fabricated by contact moulding in a female 
mould (the most common technique in the pleasure boat industry). The 
hull consists of three zones of different scantlings between the deck and 
the keel line. 

- zone 1 extends from the deck to the upper ribband, 
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- zone 2 from the upper to lower ribband, 
- zone 3 from the lower ribband to the keel line. 

For a given zone, the ply stacking sequences are identical, from bow to 
stern. Table 1 shows the scantlings for the different zones. The 
theoretical ply thicknesses were calculated for fibre volume fractions of 
25% for the mats and 32% for the woven rovings. The gel coat on the 
exterior of the hull is a transparent neopentyl glycol polyester. Given the 
laminate thicknesses, the hull is translucent, which facilitates the 
positioning of the strain gauges placed at the same point (internal and 
external faces) of the hull. During lay-up the fabrics were placed on the 
hull such that the warp direction was perpendicular to the axis of the boat. 
The deck is in sandwich structure with the lay-up of 2 mat layers (300 
g/m2), 9.5mm thick balsa core, 1 mat (300 g/m2), 1 woven roving layer 
(500 g/m2). 

Mechanical characteristics were measured on specimens taken from 
the hull (Ifremer). Among the results from these tests it may be noted that 
specimens cut from zone 1 had a fibre volume fraction of 19.7% and a 
mean thickness of 4.75mm (slightly thicker than the theoretical value). 
The Young's modulus measured in bending is 9200 MPa, the specimens 
being cut parallel to the weft direction In tension the mean value of 
Young's modulus is 10900 MPa and the tensile strength is 148 MPa. The 
theoretical values of Young's modulus were determined using the 
equations proposed by Puck (Manera, 1988). The theoretical 
micromechanics values of modulus is 9760 MPa in bending and 10500 
MPa in tension. We do not consider that the differences between the 
theoretical and experimental values of Young's modulus are significant 
given the following remarks : 

- the lack of exact knowledge of fibre content in each ply (only the 
mean volume content is known), 

- the micromechanics equations are only approximations. 
- we do not know exactly the mechanical characteristics of fibres 

and matrix. 
The properties of the "transducer-hull" correspond to those which are 
attainable with such a material, (for more details on the characteristics 
obtained and their theoretical calculation see Baley, 1991). For 
comparison the thicknesses required by the ABS (see ABS, 1981), are 
given in Table 2. This table shows the theoretical thicknesses calculated 
as a function of a deflection criterion. In the equations used the coefficient 
which accounts for the curvature of each panel was included. 
Examination of Table 2 shows that in all cases the thicknesses of the hull 
of the transducer-hull are less than those required by the ABS. The lower 
ribband, of omega profile, has a height of 120mm and a base width of 
50mm, and the- upper ribband has a height of 90mm and a width of 
50mm. 
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VERIFICATION OF THE SENSITIVITY OF THE 
TRANSDUCER-HULL. 

This was performed by subjecting the hull to different static 
loadings, with the boat in the water. For example, the rigging was loaded 
in tension (Baley, 1991), and the loads and strains were recorded during 
load (loading in steps with very slow changes in load). A comparison 
between theoretical strains calculated by finite elements and the 
experimental strains enabled us to verify that the hull could perform its 
role of measuring loads and strains. 

ASPECTS OF THE BEHAVIOUR OF THE BOW ZONE OF 
THE HULL DURING NAVIGATION. 

The mesh of the bow region of the hull is shown in Figure 4, and 
the position of strain gauges is shown in Figure 5. Table 3 presents: 

- the strains undergone by the leeward hull side, with the boat 
sailing in an apparent wind of 32 knots. These are maximum values 
recorded or for a violent impact of the hull meeting a wave. 

- the theoretical strains obtained by the finite element method. The 
loading was the tension in the stay, and the hydrostatic pressure, 
considering the hull to be immersed up to the deck (static loading). Study 
of this table shows that strain levels are very low and are negligible. The 
failure of the material may be estimated to correspond to a strain of 
0.0125 (Manera, 1988). These strains were measured at the centre of 
panels and ribbands, positions which do not necessarily correspond to 
the stress concentrations. The aim of the theoretical calculations is to 
assist in the interpretation of the results. A pressure transducer was 
placed on the hull side in the bow of the hull (at the buoyancy level) by 
the Bureau Veritas. This gave no useful results (Bureau Veritas, 1990). 

ASPECTS OF THE BEHAVIOUR OF THE CENTRAL ZONE 
OF THE HULL DURING NAVIGATION. 

Figure 6 presents the strains seen by the hull side in zone 2 in the 
central part of the hull while under sail naviguant close to the wind. These 
results were obtained using the finite element method. For clarity the 
displacements are magnified. It may be noted that the hull panels work in 
bending, the strains originating from the moment when the boat rights 
due to the action of the ballast on the hull. It is important to note that for 
this area of the hull (for the hull side panels) it is the loading due to the 
ballast which dimensions the structure, whereas the classification society 
rules do not take account of the water pressures. 
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CONCLUSION 

The aim of this study was to obtain data on the behaviour of sailing 
boats during navigation. "Mesure Z", whose scantlings are under -
dimensioned with respect to ABS rules (Baley 1991), has been sailing 
without damage for four years. This does not mean that such 
classification rules lead automatically to an over-dimensioning. It is when 
the boat sails close to the wind that the maximum loads are recorded. In 
the definition of a hull structure it is necessary to take account of all the 
loads to which it will be subjected throughout its lifetime. In the case of 
"Mesure Z" it is not the water pressure which determines the dimensions 
in the central region. The maximum values of strain recorded are very 
low compared to the damage threshold of the material. Finite element 
calculations help to understand the behaviour of the hull and have allowed 
us to locate the regions of stress concentration and to determine the 
maximum stresses. 

To dimension a hull for a sailing boat the following should be taken 
into account: 

- the righting moment imposed by the wind, 
- possible water impact pressure on the hull and deck, 
- loads due to the rigging, 
- unexpected impacts on the deck and stem, 
- inertial loads linked to the movement of the boat (pitching, rolling, 

twisting), 
- hydrodynamic pressure on the ballast and the rudder blade. 

BALEY, C, CONNAN C, CAILLER M, (1990), "Etude du 
comportement de la coque du voilier experimental "Mesure Z" en 
navigation - Méthodologie", ATMA. 
BALEY C, (1991), Doctorate thesis, "Contribution à l'étude du 
comportement de matériaux composites comportant des renforts 
bidimensionnels et conception d'une structure de voilier en vue de 
mesurer les sollicitations mécaniques en cours de navigation", Ecole de 
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ABS (1981), American Bureau of Shipping Guide for building and 
classing off shore racing yachts, New York. 
MANERA (1988), Manera, Massot, Morel, Verchery, "Manuel de calcul 
des composites verre-résine", Editions Pluralis, Paris. 
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Zone 1 Zone 2 Zone 3 
Number of plies 7 8 9 

Gel coat Gel coat Gel coat 
Mat 300 Mat 300 Mat 300 
WR 500 WR 500 WR 500 
Mat 300 Mat 300 Mat 300 

Stacking WR 500 WR 500 WR 500 
Sequence Mat 300 Mat 300 Mat 300 

WR500 WR500 WR500 
Mat 300 Mat 300 Mat 300 

Mat 300 WR 500 
Mat 300 

Theoretical 4.35 4.95 5.6 
thickness (mm) 

Table 1. Hull scantlings 
Values in g/m2. WR = Woven Roving. 

ABS "Transducer-
hull" 

Panel 
designation 

Thickness as 
a function of 
admissible 
stresses. 

Thickness as 
a function of 
admissible 
deflection. 

Theoretical 
thickness 

Zone 1 4.95 5.97 4.35 
Bow Zone 2 5.73 6.80 4.95 

Zone 3 5.22 5.84 5.60 
Zone 1 5.52 6.81 4.35 

Midships Zone 2 7.14 8.51 4.95 
Zone 3 7.79 9.67 5.60 
Zone 1 5.70 6.92 4.35 

Stern Zone 2 7.32 8.78 4.95 
Zone 3 7.18 8.50 5.60 

Table 2. Theoretical thicknesses calculated as a function of a deflection 
criterion. 

Measured strain 
x10-6 

Theoretical 
strain 
xl0-6 

Zone 1 External Gauge -314 -394 
Internal Gauge +295 +369 

Zone 2 External Gauge -557 -1115 
Internal Gauge +690 +292 

Table 3 
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THE USE OF FRP SANDWICH 

W. REMEN* 

Abstract - This paper is an overview of what has been done in the area of FRP-
sandwich in the maritime industry over the last 15 years. The advantages of building 
in FRP-sandwich will be discussed with regards to past production methods and 
applications into other markets. Since the late sixties the development and use of 
light and strong construction materials and new construction methods has increased. 
The use of Fibre Reinforced Plastic (ERP) - sandwich has successfully been 
introduced to a variety of areas. Barracuda Technologies has over the years tried to 
fulfil customers demands by developing new and better foam cores and adhesives 
and new improved production methods. The result of this is that we now supply 
Divinycell, a sandwich core,and Divilette, an adhesive, to a large number of 
different areas: aviation, railroad, trucks, vessels, sea trucks etc. This paper will not 
go into the details of the use of FRP-sandwich, but is meant as an overview of what 
has happened, and what is to come in this area. 

key words: Divinycell FRP-sandwich, fast commercial craft, mine countermeasure 
vessel. 

CIVILIAN USE OF FRP-SANDWICH 

INTRODUCTION 

In Norway today, engineers and shipbuilders are looking for alternative 
materials for improved constuction purposes. During the last 15 years several 
shipbuilders have successfully adopted the FRP (Fibre Reinforced Plastic)-
sandwich method. 
Some of the areas where Divinycell FRP-sandwich has been used are: 

- fast passenger ferrys (up to 350 passengers & 54 knots) 
- fishing boats 
- pilot boats 
- rescue crafts 
- hoisting decks on car ferrys 
- bowgates on car ferrys 
- leisure boats 
- yachts 

There are, of course, a number of ways to meet these requirements, and the 
construction material plays an important role. This paper will explain how FRP-
sandwich meets these requirements. 

* Project manager, Dicab Engineering as, PO.Box 228, 1364 Hvalstad, Norway 
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To evaluate a new passenger vessel today a shipowner has to consider a number of 
important issues. The ship must be: 

* Safe for both passengers and crew 
* Economical to build and operate 
* Reliable 
* Comfortable 

TODAY'S USE 

The fast ferries from Brodrene Aa Marine in Hyen, and Ulstein Eikefjord in 
Eikefjord, and other companies in Norway are the best proof of how FRP-sandwich 
technology works. Since 1974 they have built more than 100 comercial vessels, 
using FRP-sandwich. Most of them have been passenger vessels and since 1986 the 
SES (Surface Effect Ship)-concept has successfully been tried out on 16 fast 
passenger vessels (1). 

The most common reason for using the sandwich technique is to save 
weight for the hull and superstructure, but other reasons such as: 

- Cost 
- Stability 
- Safety 
- Impact resistance 
- Vessel lifetime 
- Fatigue properties 
- Water degradation 
- Noise 
- Thermal insulation 
- Larger load capacity 
- Larger operational radius 
- Reduced maintenace of hull & ease of repair 
- Maximum use of interior volume and "clean" internal sides 
- Attractive finish 

are also important. 

On fast commercial vessels the most important reason for choosing the 
FRP-sandwich method is due to the weight savings compared to other constuction 
materials. The shipowner will therefore get a less expensive vessel to operate. Due 
to the weight savings lower fuel consumptions at a given speed will also save on 
costs (2,3). It is also possible to reach higher speeds due to the weight savings, but 
this is really up to the designer whether he/she will go for a light fast ship or 
increase the load capacity. One must notice however, that when choosing the 
sandwich method for vessel design, one can not use the same design criterias as for 
a heavier constuction material. One must make the most of the advantages and not 
use old and heavy designs for the light sandwich method. 

But also on less weight-critical ships such as fishing vessels, pilot boats etc, 
the sandwich technique is used. The reason here is also mainly due to weight 
savings. Commercial fishing vessels today want high operational speed between the 
different fishing areas, but they also require high stability when fishing. These 
needs can be fulfilled by using the FRP-sandwich method. The sandwich material 
will give a light and fast construction, and ballast tanks can be filled with seawater 
while fishing, so stability criteria can be obtained. 
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On pilot boats and smaller leisure vessels, one can also say that weight can 
be of importance mainly due to speed requirements, but also load capabilities can be 
the reason. On large passenger ships, weight savings can be accomplished by using 
FRP-sandwich in the superstructure. This will either give higher speed or increase 
the load capacity, but it will also improve the stability of the vessel. 

The price of the material itself is somewhat higher than steel, but on some 
smaller vessels the building price can compete with aluminium. Also if one looks at 
the long term savings of: 

- Fuel consumption (smaller engine - less weight - lower cost) 
- Less maintenance of hull and superstructure due to a non-corrosive material 
- Less damage to the structure if one runs aground. 

The Divinycell FRP-sandwich concept has proven to be a relatively good 
fire protector (4) If one looks at what the sandwich construction usually contains we 
have the resin that burns, the glass does burn but at a very high temperature and the 
core will slowly melt. These materials will together give an insulating effect, ie the 
temperature fall through the thickness is relatively high and heat will not be 
transferred easily (5). 

The advantages of using FRP-sandwich for the superstructure on a large 
passenger ship is not only lighter weight, but stability can be essentially improved. 
The heavier the superstructure is, the more critical the stabilty will become. 
FRP-sandwich is a construction material with high buoyancy. Most of the vessel 
designs will even float when the vessel is completely filled with water. This is of 
course a great advantage and will increase passenger safety. The Divinycell FRP-
sandwich concept has both in laboratory tests and in practice shown to be able to 
absorb and withstand large impact loads (6). When damages occur the destroyed 
area has also been relatively limited compared to a single skin concept. Furthermore 
the inner laminate has been undamaged up to relatively high loads, ie the ship will 
still be operational to a certain extent. 

Being a non-corrosive material, FRP-sandwich has a big advantage 
compared to other competitive light weight constuction materials. A typical life 
time for a 30 - 40 meter long vessel would be approximately 20 years, without major 
repairs and maintenance. After 20 years we believe that new and faster designs will 
take over rather than keeping old ships in traffic. 

FUTURE USE 

The maritime use of Divinycell FRP-sandwich will in the near future be 
introduced to a variety of new markets, such as: 

- Car ferries 
- Superstructures on large passenger vessels 
- Larger modules on weight critical offshore platforms 
- Protecting structures in offshore deep sea environments. 

But we will also see a development of the construction material itself: 
- Highly fire resistant sandwich cores and laminates 
- Lighter materials, with the same physical properties. 

There are good indications that within this decade, engineers and 
shipbuilders will try to build larger car ferries. Using the Surface Effect Ship-
concept one is able to obtain a large platform. This platform can be used as a car 
deck, so a 50m long vessel can transport approximately 50 cars on one deck. This 
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together with the light weight of the FRP-sandwich hull means that a high speed is 
obtainable. 

At present we are investigating the possibilities of using FRP-sandwich for 
parts of the superstructure on large passenger vessels and cruise ships. With today's 
technology it is possible to replace large parts of the steel superstructure with FRP-
sandwich. This enables the vessels to be: 

- Lighter 
- More stable 
- Requiring less engine power 
- More economical due to decreased fuel consumption 
- Faster 

Offshore designs today only allow concrete, steel and some aluminium 
alloy in small parts of the structure. We think that the Divinycell FRP-sandwich 
concept can be introduced as 
an alternative material on several different modules of the structure, such as: 

- Storage rooms 
- Living quarters 
- Deck stuctures 
- Winter insulation 

Structures and protecting devices on deep sub-sea installations exposed to large 
stresses, impact loads and deflections. 

Today we see Divinycell FRP-sandwich beeing used in a variety of 
maritime areas, and new markets are still to come. Over the years there have been a 
few less successfull projects, but this is mainly due: 

- design errors 
- lack of knowledge of how to use the materials correctly 
- incomplete design criteria 
- misunderstandings between shipyard and designer 

Divinycell core and Divilette putty have improved the capabilities of FRP-
sandwich over the years and we are today reaching a large variety of products. But 
still more work needs to be done and we feel confident that our products will 
improve. 

MILITARY USE OF FRP-SANDWICH 

TODAYS USE 

The Swedish navy built their mine sweeper "Viksten", using the Divinycell 
FRP-sandwich method back in 1974. This was the first large naval ship built using 
this technique and they have since built 4 new vessels of the "Landsort"-class (7) 
The Danish navy followed with their mine sweepers some 10 years later, and the 
Australian navy (1983) has also chosen Divinycell FRP-sandwich for their MCMVs. 
The Norwegian navy decided in 1988 not only to use the Divinycell FRP-sandwich 
method for the Mine countermeasure vessels but also use the SES-concept. Today 
the first hull is seaborn at Kvaerner Mandai A/S in a series of 9 - 10 ships (8). 

FRP-sandwich is also being used for smaller floating and stability parts on 
submarines, and to a larger extent on rescue capsules. There have also been some 
troop transport vessels built for the Scandinavian navies. 
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The reasons for choosing the sandwich construction method is not different 
from civilian reasoning. Low weight combined with high strength is of course 
important in addition to: 

- good energy absorption 
- high shear strength and shear stiffness 
- high buckling loads 
- withstand high dynamic loads 
- high resistance to heavy shock loads associated with mine detonation (8) 

The naval shock requirements, such as the NATO-standards, seems to be the most 
difficult to fulfill for both the ship concept and the construction material. Therefore 
fullscale testing is most commonly required, but also panel testing has been carried 
out. In these tests the Divinycell FRP-sandwich material has proven to be a good 
solution, not only is the material able to absorb large amount of strain energy with 
an elastic behavour, but also the Divinycell core gives a high stiffness in the 
construction so that less frames and stiffeners are needed (7,8) 

The Swedish and the Danish navy have used the monohull concept 
sucessfully, while the Austalians chose a catamaran design. The new SES-concept 
that lifts the vessel out of the sea, so that there is a smaller wetted surface and makes 
it possible to reduce the shock loads associated with mine detonations, was chosen 
by the Norwegian navy. All these ships have a Divinycell core as their main 
stuctural component. The Norwegian navys MCMV concept has strong indications 
that lighter shock damping equipment can be used in several parts of the vessel. For 
example: less expensive shock dampening for the main & auxiliary engines - shock 
dampeners are not needed to the same extent compared to other MCMVs (8). This 
in turn gives a less expensive ship design compared to other vessel concepts. 

FUTURE AREAS 

Until today the FRP-sandwich method has been used in only smaller naval 
vessels but in the future the material can be introduced to a variety of larger ships 
such as frigates, destoyers etc. Still, we see big advantages using the material on 
smaller ships and on superstructures of larger ships. The Norwegian navy is at the 
moment looking into the possibility of building the new generation of missile 
torpedo boats in FRP-sandwich. Some of the advantages of building in FRP-
sandwich are: 

- a lighter vessel, 
- higher operational speed (over 50 knots), 
- larger range, 
- lower operational costs. 

One can not ignore these advantages even though the initial cost of this 
concept may, for some vessels, be somewhat higher than a steel or aluminium hulled 
vessel. Because operational costs will be so much lower for an FRP-sandwich 
vessel, the differences in the initial cost will be made up in the long run. This of 
course is mainly due to the fuel savings, but also lower maintenance cost for the hull 
and superstructure (corrosion and paint). Fewer ships are required because of the 
higher speed so the vessels can cover larger areas. 

Until now the largest ships built using the FRP-sandwich technique are 55 
meters. But in the future we also see larger warships built in this method. Not only 
superstructures but the hulls also. Larger warships over 100 meters should be 
possible and we have no theoretical indications that show otherwise. 

Over the next ten years one will see a larger use of Divinycell FRP-
sandwich both as a hull material on larger war ships, but also for superstructures. 
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EVALUATION OF MATERIALS FOR A HIGH SPEED CRAFT: 

Parametre 
Weight 
lector 

Steel Aluminium FRP/single FRP/sandwich 

points score points score points. score points score 

* Weight г * 6 1 12 5 60 3 36 ft 72 
* Cost 3 ft 18 5 15 3 ft S 15 
* Production QA.OC 3 S 15 4 12 4 12 4 12 
* Fve resistance 4 3 12 2 8 3 12 4 16 

 Impact resistance 2 6 12 4 8 4 8 S 10 
 ice perform 2 ft 12 4 8 4 8 4 8 

* Fatigue properties 3 4 12 4 12 ft 18 ft 18 
* Water degradation 3 ft 18 s 15 ft 18 ft 18 
* Noise 3 2 ft 2 ft 4 12 5 15 
* Thermal insulation 3 1 3 1 3 4 12 ft 18 
* Damage détection 3 6 18 ft 18 4 12 3 1 
* Maintenance 

ft repair 
4 6 24 5 20 4 18 4 18 

Total score 162 1ftS 173 227 

Weight factor : 8 • important 
: 1 - negligible 

Pointa : 6 • best 
: t • worst 
: 0 - unacceptable 

Score : Weight factor ж points 

Tableau 1 Evaluation de matériaux 
Table 1. Evaluation of materials 

MCMV: constructid In GRP sandwich 
Vessel Name Builder Displacement length FT Speed Knots Yr 

(Standard) Sweden: 
Viksten Karlskronavarvet 120 tons 78.7 11 74 Landsort Karlskronavarvet 270 Iona 1558 15 84 
Arholms a • . 
Koster . . . ' 84 
Kullen • . . I 85 

ulvon : : : : 
smyge 140 tons 89 7 40+ 91° 

AUSTRALIA: 
Rushculler Carrington Slipways 170 tons 101.7 10 86 Shoslwater » * • • 87 
DENMARK: 
flyvelisten Danyard A/S. Aalborg 300 tons 177 2 30 ft! Hajan . . . - 90 
Havkallen . • • • 90 Laxen . . . . 91 Matralen . . . , ... 
Steren . . . . 82 
Svaerdlisken • . . J., 
Glantan . . . 8 83. 
Grlbben • • 
Lomrnan . . . , 94* Raunen • . . 94 
Staden . . . . 84 
Viben . . . . . JJ. 
Norway: 
Olssy Kvaerner Bât service 367 tons 181.4 4 92 
Karmey . . . 
Maloy . . . 94. 
Hinney • . . 84. 
Alla «Kvaarner Bltaervlce 330 tons 1814 93° Otra ■ . Rauma 
Orkla . . . J* 
Glomma • . 96° 
Far East: 
Unnamed SSE/Kockums AC 
Unnamed . . . 94° 
Unnamed * 
Unnamed • 95° 
* Yet to be disclosed 95° 

Tableau 2. Navires anti-mines en composite sandwich Divinycell 
Table 1. Mine countermeasure vessels in Divinycell FRP sandwich. 
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Photo 1. NRD transbordeur. Br0drene Aa Marine AS, vitesse 54 nœuds. 
SES Passenger vessel from Brodrene Marine AS, speed. 54 knots. 

Photo 2. La nouvelle conception de navire anti-mines de Kvaerner Mandai. 
The new MCMV concept from Kvaemer Mandai AS. 
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43 
THE EVOLUTION OF COMPOSITE MATERIALS IN 
SUBMARINE STRUCTURES*. 

Y. LEMIERE1 

Abstract - Since the sixties, the amount of composite structures on 
submarines has increased continuously. The main reasons are their low 
apparent weight in water, good behaviour in a marine environment, 
excellent mechanical properties and acoustic transparency. The new 
applications required the use of prepreg. Relevant processes had to be 
adapted to the large dimensions and thickness of the structures. Future 
applications will be concerned with both structures and internal 
equipment. A lively debate is now in progress over whether the 
successor to high yield strength steels for hull structures will be titanium 
or composite materials. 

key words : composite material, submarine, prepreg, structure. 

COMPOSITE MATERIALS IN MILITARY NAVAL 
CONSTRUCTION. 

In 1955, a workshop was set up in Cherbourg for the fabrication of 
what was known at the time as "complexe verre-résine, CVR", or glass-
resin mixture. This was in response to a desire within the DCN to 
examine the potential of organic matrix composite materials, materials 
which appeared at first sight very attractive for naval applications. Their 
light weight and good behaviour in a marine environment were 
highlighted. The first projects were motor boats in glass-polyester 
composite. This activity is now performed at DCN Lorient. 

In 1962, the creation of a laboratory specifically responsible for 
studying these promising materials enabled their application as structural 
materials to be assessed. This laboratory is now an integral part of the 
"Centre d'Essais Techniques et d'Evaluations de Cherbourg", the 
CETEC. 

At the end of a large test campaign it was decided in 1974 that 
external deck structures of conventional submarines would be made of 
composites. Soon more heavily loaded structures such as fins were 
designed and fabricated. At the same time DCN Cherbourg built two 
minehunter sections in GRP. After a technology transfer the full scale 
production of the three-nation minehunters was started at DCN Lorient, 

* translated from the French original. 
1 Composites Engineer, DCN Cherbourg. 
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in Belgium and in Holland. 
The expertise acquired with syntactic foams, those buoyancy 

materials with remarkable behaviour under hydrostatic pressure, enabled 
DCN Cherbourg to produce the buoyancy and propulsion unit of the SM 
97. This experimental submarine, capable of diving to 6000 metres, is 
now known as the Nautile. It was designed and built by the DCN for 
Ifremer. 

At the start of the eighties, the use of composite materials increased 
rapidly, both in the number of structures concerned and in the extent of 
requirements satisfied (weight gain, acoustic transparency, non-magnetic 
behaviour, static behaviour under load...). Figure 1 shows these 
different applications. 

The developments in the years 1984-1985 were revolutionary. Two 
new generations of submarines arrived, with design requirements which 
demanded a technology jump. Composites fabricated by wet lay-up were 
replaced by a higher performance material, formed from prepreg semi-
products at 120°C. 

In order to best exploit the expertise, equipment and personnel 
within the DCN the roles of the different centres were defined. The 
Technical Service at Paris establishes the overall specifications, performs 
specific calculations (impact, buckling ...), validates certain technical 
choices and co-ordinates the programmes. The establishment at Lorient, 
benefitting from experience gained and the equipment installed during the 
three-nation minehunter programme, is responsible for the fabrication of 
surface vessels and submarines. The establishment at Cherbourg 
possesses on one site: 

- a design office equipped with powerful computing tools, 
- a test centre with the most up-to-date physico-chemical and 

mechanical and acoustic equipment, 
- a prototype workshop capable of building models and the first 

components of full-scale productions. 
With these facilities the DCN Cherbourg concentrates on the design 

and qualification of new structures and the fabrication of one-off 
components for submarines. 

SUBMARINE APPLICATIONS OF COMPOSITE 
MATERIALS 

Figure 2 shows the various composite material structures on the 
"Triomphant", a new generation missile launching nuclear submarine : 
external deck, sonar dome, propulsion unit, fins, protective coverings. 
These together represent 50% of the "wetted"area, i.e. of the surface in 
contact with sea water. It is currently the most striking example of the use 
of composites on submarines. By concentrating on two major 
applications, the external deck and the sonar dome, the special attractions 
of composite materials will be illustrated. 
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EXTERNAL DECK 

The external deck is made up of a number of distinct panels 
assembled together, in order to cover various external parts of the thick 
hull of the submarine. These panels are shell structures with single or 
double curvature and a high inertia. Their total area is approximately 
1200 m2, (Photo 1). 

The design loads are complex. In addition to the stresses related to 
surface navigation, such as sea loading, the stresses associated with 
diving must also be considered. Severe requirements must be satisfied, 
such as very low water take-up and volume variation under pressures of 
several tens of bars, as low an apparent weight in water as possible and a 
specific dynamic behaviour. These specifications were incompatible with 
the performance of the glass fibre reinforced polyester composites 
produced by wet lay-up used up till then. It was decided to evaluate the 
interest and feasability of a structure based on preimpregnated 120°C 
semi-products, comparable to those employed in aeronautical 
applications. A detailed campaign of study and tests was performed, the 
main points of which were focussed on the prediction of the modal 
behaviour of a structure integrating the coupling with the fluid 
environment, accelerated aging in sea water (8000 hours at 70°C), the 
optimal forming conditions, and the correlation with full scale tests on a 
submarine at sea. The definition which presented the best cost-
performance compromise was a sandwich structure made up of : 2 skins 
of glass fibre- epoxy composite, 120°C cure fabricated by vacuum bag, a 
syntactic foam core, and omega type stiffeners. The elevated temperature 
polymerization is performed in a very large oven. 

SONAR DOME 

In the last decades the performance of passive sonar systems has 
improved considerably, in parallel with the improvement in the acoustic 
discretion of submarines. The dome which covers the hydrophones of 
the detection sphere is an integral part of the sonar system. It must 
possess certain special characteristics which are often mutually 
incompatible. Its position at the bow of the submarine exposes it to the 
hazards of navigation and in particular to wave loading. Its position in 
front of the hydrophones must also disturb them as little as possible and 
show an acoustic impedance as close as possible to sea water. In 
addition, the hydrodynamic flow at the dome surface is a potential source 
of activity of the structure which may harm the sonar reception. These 
elements in the design loads have resulted in studies of shell type 
structures - unstiffened - which have intrinsic damping properties. As for 
the external deck, the composite material used is based on 120°C prepreg. 

Within the development programme, which included detailed 
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numerical calculations, a significant effort was directed towards the 
development of the forming technique. In fact, the elevated temperature 
curing of a component of several metres in diameter was not available, 
except in the USA using an autoclave. The high cost and low pay-back of 
such an investment were unacceptable, even on a European scale, so the 
vacuum bag technique was adopted. The large thickness of the dome wall 
which was the result of the compromise necessary between acoustic 
transparency and mechanical behaviour, was likely to cause a void 
content which would inhibit the sonar function. In collaboration with the 
prepreg material supplier a technique named "integral pumping" was 
developed. It consists of placing, between the prepreg layers, fabrics 
which encourage the removal of air trapped during lay-up. For the 
tooling an original solution was specially developed. The female mould, 
which was intended for the lay-up of the prepreg layers, served also as 
the wall of an oven. This configuration is designated "mould-oven", 
(Photo 2). 

The design and fabrication technique were verified by the 
fabrication of several domes tested at sea on the submarine "Dauphin", 
transformed into an experimental platform for these tests. 

SPECIFIC FEATURES OF COMPOSITES FOR SUBMARINES. 

The two examples above illustrate the considerable evolution in the 
use of structural composite materials in submarines. This development 
has been made possible by the improvement in the basic material 
properties, the power of finite element calculation methods and the 
improved understanding of the intrinsic material properties and 
behaviour. To a large extent this is the result of research undertaken to 
satisfy the exacting demands of the aeronautical and space industries. 
However, the structures destined for submarine applications possess 
certain particularities such as large dimensions, large thicknesses and a 
marine environment which limit the usefulness of much of the available 
data. The studies performed since 1984 have developed the knowledge 
and technical mastery of these materials for submarine applications. For 
both the external deck and sonar dome the first constructions are now 
being assembled on "Le Triomphant", while the fabrication for the 
second vessel of the series "Le Téméraire" is beginning. 

PERSPECTIVES. 

It may be noted that the composite applications for submarines 
involve primarily external structures, i.e. those in contact with the marine 
environment. The reasons for their selection in preference to metallic 
solutions in these applications are, according to the location, a better 
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corrosion resistance, a gain in apparent weight (control of the weight and 
stability parameters), or a specific property (acoustic transparence). There 
is a certain reticence towards further application of composites, and this 
applies also to submarines. Nevertheless there is considerable potential 
for application of composites on board modern submarines. Figure 3 
shows some of the areas concerned: front and rear frames, transmission 
shaft and propeller, cots/chassis/cabins, HP air reservoirs/containers, 
pipework/valves, floors/bulkheads, and... the pressure hull. 

COMPOSITES, WHY ? 

It would not be realistic to direct the aims of technical development 
without ever integrating the cost aspects. The idea of cost includes 
several aspects : the acquisition cost, maintenance costs (over a period 
which may extend to 30 years), and the cost of ownership, which is 
globally the sum of the two previous costs. Given the small numbers 
produced in military naval construction and the large tooling necessary 
for the fabrication of composites, the financial competitiveness of these 
materials in the acquisition phase is not systematic. By taking into 
account the maintenance costs this may be achieved. The examples 
presented may be defined in terms of a cost-performance ratio. 

FROM DREAM TO REALITY. 

It may appear futuristic to think that one day an operational 
submarine could be entirely made out of composite materials. Before 
reaching this conclusion let us examine objectively the different elements. 

Weight gain is constantly sought in all vehicles. Without 
prejudging military options a gain in weight can be used profitably to 
increase immersion depth or, by virtue of Archimedes principle, to 
increase the useful weight while keeping the same immersion depth. In 
addition, acoustic discretion, i.e. the capacity to hide in background sea 
noise, is an objective which dominates in most technical choices. This 
implies the capacity to exploit industrially certain properties. 

Composite materials, by their specific mechanical properties (with 
respect to density), by the variety of combinations and the possibility of 
increasing their damping properties, bring some elements of a solution to 
the requirements of the submarine for the 21st century. 
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BRAINPOWER : THE MAIN INGREDIENT OF 
COMPOSITE MATERIALS. 

It would be short-sighted to view the future only with one 
technology. It may well be that the optimal solution is a combination of 
the advantages of several technologies. The successor to the high elastic 
limit hull steel "100 HLES" currently used in France is potentially 
titanium. However, problems with the manufacture and fabrication of 
titanium may limit its large scale application. Use of the properties of 
titanium and advanced composites together in the same project suggests 
some interesting possibilities. 

Which new material, developed by man's intelligence, will allow 
him to continue the exploration of the depths ? 

P. NEDELEC, "Composite Materials for Submarine Applications", 
1990, Undersea Defence Technology. 
C.S. SMITH, "Design of Marine Structures in Composite Materials", 
1990, Elsevier, p. 362. 
S. ZIMMERMAN, "Submarine Technology for the 21st century", p. 89. 
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Planche 1 
Évolution des applications composites. 

Evolution of the mass and location of the composite structures. 

Planche 2 
SNLE Le Triomphant - Structures composites. 
SSBN Le Triomphant - Composite structures. 
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Planche 3 

PERSPECTIVES D’APPLICATIONS DES COMPOSITES SUR SOUS-MARINS 
COMPOSITE APPLICATIONS FOR FUTURE SUBMARINES 
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Photo 1. Pont extérieur - Moule et étuve. 
Casing - Mould and stove. 

Photo 2. Dome sonar - Moule. 
Sonar bow dome - Mould. 

449 



Nautical construction with composite materials. Paris, December 7th to 9th 1992 
IFREMER, Actes de colloques n° 15, paper n° 44 

44 

MARINE APPLICATIONS OF ADHESIVELY BONDED 
ALUMINIUM METAL MATRIX COMPOSITES 

RJ. DAVIES*, M. RITCHIE*, R.L. TRUMPER** 

Abstract - Metal matrix composites (MMC) offer a unique 
combination of properties that make this class of material ideally 
suited to the fabrication of components subjected to complex loads, 
such as marine structures. In many marine applications the dominant 
requirement is for a reduction in structural weight, and where failure 
occurs by elastic buckling stiffness is critical. MMC's encompass a 
very broad class of materials which may be subdivided into three main 
groups : particulate, whisker and continuous fibre reinforced metals. 
These materials offer improvements in stiffness and the strength to 
weight ratio over conventional alloys. However, the ability to 
construct efficient marine structures is constrained by the ability to 
join these materials both to themselves and other materials. This paper 
will outline the potential use of aluminium matrix composites in 
marine applications and the use of adhesive bonding technology to 
enhance their performance. 

key words : metal matrix composite, marine structure, adhesive 
bonding, pretreatment 

INTRODUCTION 

In many marine applications the dominant requirements for a 
material are the ability to reduce the structural weight of a structure 
and achieve an increase in stiffness. These requirements are 
particularly important when one considers submersibles where failure 
can occur by elastic buckling. The need to maximise internal hull 
volume, minimise weight and obtain optimum material properties has 
resulted in the extensive use of aluminium and titanium alloys for 
such purposes. However, these materials have reached a plateau in 
terms of stiffness and strength improvements. The emergence of metal 
matrix composites now offers the potential to develop increasing 
improvements in material properties over and above the established 
materials (Trumper, 1987). 

* Rialtech Ltd., Aston Science Park, Birmingham B7 4BJ, U.K. 
** Defence Research Agency, Holton Heath, Poole, Dorset, BH16 
6JU, U.K. 

450 



Metal matrix composites (MMC) are a group of materials 
which can be characterised by the nature of the ceramic reinforcement 
used. within the composite. There are three general types of 
reinforcement, particulate, whisker or short fibre, and continuous 
fibre. The extensive use of an aluminium alloy matrix is a result of its 
unique combination of material properties including corrosion 
resistance, low density and excellent mechanical properties (see figure 
1). 

The use of continuous fibre reinforced metals (FRM) offers the 
potential to tailor the mechanical properties of a marine structure to 
meet its in-service loads. This ability of FRM structures would be of 
particular importance in the manufacture of submersibles where the 
key aim is to achieve a structurally sound vehicle with maximised 
payload and mission duration. 

To be able to fully utilise FRM in submersibles the joining and 
surface finishing of these materials has to be considered. These two 
factors are of importance when one considers the construction of a 
submersible and the role the surface finish will have on the corrosion 
resistance and hydrodynamic drag of such a vehicle. 

THE JOINING OF ALUMINIUM BASED COMPOSITES 

In the joining of aluminium based composites for marine 
environment, the use of adhesive bonding technology offers 
considerable advantages over conventional joining techniques. 
However, the use of adhesive bonding requires pretreatment to be 
performed on the surface of the material to obtain a durable bond 
(Kinloch, 1987). 

In the pretreatment of aluminium for adhesive bonding 
purposes, anodising is often specified. Davies (Davies and Kinloch, 
1989), has attempted to explain the superior performance of anodised 
aluminium in terms of the degree of adhesive penetration into the 
porous anodic oxide produced. They found that the oxide produced 
was completely penetrated by adhesive forming a "micro-composite" 
of ceramic oxide and polymer adhesive. Subsequent research at 
Rialtech (Davies and Ritchie, 1992), has shown that the presence of 
such a "micro-composite" could have a critical influence on adhesive 
joint strength and durability. Recent work carried out at Rialtech 
(Davies and Ritchie,, .1992) has underlined the importance of the 
formation of the "micro-composite" by measuring a change in the 
mechanical properties of this microscopic region when exposed to a 
marine environment. 
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In order to obtain the beneficial effects of anodising it is 
necessary to obtain a continuous uninterrupted metallic surface. In 
FRM there are often areas of exposed fibres at the surface. On 
anodising these materials fibre damage can occur (figure 2) affecting 
adhesive bonding performance. As a consequence, alternatives to 
anodising such as chemical etching treatments are under evaluation. 
The work conducted so far indicates that chemical etching followed 
by the use of silane coupling agents results in superior bonding 
performance. 

SURFACE FINISHING 

The surface finishing of fibre reinforced metals is carried out 
for two reasons in marine applications, firstly for corrosion protection 
and secondly to decrease the hydrodynamic drag. The regions of 
exposed fibres in these materials tend to act as preferential corrosion 
sites and consequently a protective measure, such as a polymer 
coating, is required. The polymer coating, when applied correctly, also 
has the added benefit of reducing the hydrodynamic drag. The 
mechanisms found to affect the integrity of the polymer coating are 
identical to those affecting the durability of the adhesive joints. 
Therefore similar pretreatments to those required for adhesive 
bonding purposes can be applied. 

In order to maintain the benefits of the polymer coating during 
the lifetime of the submersible it is necessary to be able to repair 
damaged areas during its lifetime. Rialtech is continuing to develop 
such methods of repair. 

CONCLUSIONS 

Metal matrix composites offer considerable potential in marine 
structures in terms of reduction of weight and increased material 
strength, particularly for such applications as submersibles. Before 
these materials can be used to their full potential their efficient joining 
and surface protection must be solved. 

Adhesive bonding technology offers the most cost effective 
solution to the joining problem. The use of anodising prior to adhesive 
bonding has been shown to be unsuitable, especially if there are 
exposed fibres on the surface of the FRM. This work has shown that 
an acid etch is currently the most effective pretreatment, when used in 
conjunction with a suitable silane coupling agent. 
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Such a pretreatment process can also be applied to the 
application of a polymer coating to improve the surface characteristics 
of a submersible constructed from aluminium FRM. 

DAVIES RJ., KINLOCH A.J, 1989, Adhesion-13, ed. Allen, Elsevier 
Science Publishers 
DAVIES R.J., RITCHIE M, 1992, J. Adhesion, vol. 40. 
DAVIES R.J., RITCHIE M, 1992, Rialtech Technical Report TR 
9010 
KINLOCH A.J., 1987, Adhesion and Adhesives, Chapman and Hall. 
TRUMPER R.L., 1987, Metal Matrix Composites, Metals and 
Materials, p662. 
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Specific Strength x 10 (Nm/kg) 

Figure 1. Comparaison des MMC avec des alliages structuraux courants 
Comparison of MMC' s with common structural alloys 

Figure 2. Micrographie d'endommagement de la surface dû à l'anodisation. 
Micrograph of surface fibre damage as a consequence of anodising. 
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A STUDY OF THE MACHINING OF COMPOSITE 
MATERIALS. 

P. GUEGAN, F. LE MAITRE, J.C. HAMANN 

Abstract While machining is generally to be avoided in the 
fabrication of components with composite materials, nevertheless many 
parts require some machining, drilling or milling after moulding. 
Machining of these materials involves the risk of damage in the 
machined region. It is therefore important to study the possible sources 
of damage and to quantify their extent for different drilling and milling 
operations. 

Key words - machining, drilling, milling, damage 

PRESENTATION OF THE PROBLEM 

The current problem lies in accurately characterizing and 
quantifying defects resulting from machining (defining quality criteria). 
This is why, given the make up of composite materials, it is advisable 
to reduce the number of machining operations, if not, do away with 
them altogether. However, moulding components in this type of 
material often requires, after giving the piece its overall form, 
machining them with a cutting tool (for example; putting in rivets which 
requires drilling; deflashing, which requires milling, etc.). 

Machining means cutting the fibers which diminishes their 
mechanical strength. In addition, machining can result in damage to the 
machined zone (such as the tearing out of fibers, surface delamination, 
internal delamination, and separation of the layers). Thus, in order to 
reduce the number and extent of defects, it is necessary to use 
machining techniques adapted to composite material components (by 
taking into account the shape of the tools, defining a methodology) and 
to develop specific testing methods. 

Translated from the French original. 
Ecole Centrale de Nantes, Laboratoire de Matériaux, 44072 Nantes, 
France. 
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DRILLING 

By far, the most frequently used technique for finishing 
composite material structures, is drilling. Drilling is used, among other 
things, to make holes in the material for assembling the elements or to 
allow cables to pass through. 

DEFECT CHARACTERIZATION 

Defects introduced during drilling can be divided into two categories 
(see figure 1): 
- Geometrical characteristics of the hole which remain the same 
regardless of the nature of the material: 

circular form: dc 
diameter AD = D-d, measured over a series of holes 
surface roughness Ra 

- Defects linked to the structure of the composite materials: 
hole wall defects: 

- fluffing (this is the case for aramid fibers) 
- chipping of the edges (breaking of the 

resin on the hole wall) 
- delamination (separation of plies at the free surface) 

cracking around the wall of the hole 

Fabrication parameters, the structure of the material and the shape of 
the drill are also factors in the nature of the defects resulting from 
drilling (see figure 2). 

THERMAL DEGRADATION 

Dry drilling of composite materials with a thermoset resin matrix 
(e.g. epoxy), cutting parameters and the shape of the drill are directly 
related to thermal degradation around the wall of the hole. 

By modelling drilling pressure, the calculation of the mechanical 
work produced by friction around the heel of the drill can be 
dissociated from the mechanical work required by the cutting of the 
material (see figure 3). As a result, it is possible to draw a correlation 
between the heat given off by friction and the thermal degradation 
observed on the machined wall. 
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Based on this correlation, we can define a heat threshold related 
to the tool and the material, beyond which the material is deteriorated 
by heat. 

MILLING 

Milling is particularly used in deflashing by trimming. Usually, 
roughly molded pieces have flash on their edges which must be 
removed. 

CHARACTERIZATION OF DEFECTS 

The characterization of defects which result from milling is 
mainly in terms of the roughness of the machined surface and the 
beginnings of cracks resulting from machining (see figure 5). As in the 
machining of conventional materials, surfaces machined with the grain 
are less rough than those machined against the grain. 

Defects are also a function of the structure of the material (incline 
of the fibers in relationship to the direction of the machining). This is 
particularly true at the edges of components. The fibers around the 
edges and the uncovered surfaces of the test pieces come apart when 
the milling is carried out towards the outside of the machined surface. 
When this is done, the fibers making up the edges of the piece do not 
stay in place and come apart from the structure of the material. 

THERMAL DEGRADATION 

In milling, the combination of several parameters results in 
deterioration, leaving bum marks on the machined surfaces: 

- the tool: the teeth of the tool are too small 
- insufficient speed 
- direction relative to the fibers (at 90°) 
- milling direction: with the grain 

To solve this problem, it suffices to inverse one of the four 
parameters mentioned above for thermal degradation to be eliminated 
(see figure 6). 
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CONCLUSION 

Machining composite materials depends on the characterization of 
the defects introduced by cutting. Quantifying these defects is important 
in order for designers of composite material structures to reduce their 
error margins and thus improve the quality of their production. 

W. KÖNIG, P. GRASS, Quality definition and assessment in drilling 
of fibre reinforced thermosets, Annales du CIRP, vol. 38/1/89, 119-
124. 

W. KONIG, P. GRASS, C.H. WULFF, H. WILLERSCHEID, 
Machining of reinforced plastics, Annales du CIRP, Vol. 34/2/85, 537-
547. 

CETIM Nantes, ENSM Nantes, Usinabilité des matériaux composites, 
optimisation des opérations de perçage et de fraisage, contrat MRT no. 
88, P0348. 

P. GUEGAN, Usinage des matériaux composites (DEA), ENSM et 
Université de Nantes, octobre 1990. 
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Figure 1 --

Défauts engendrés lors du perçage 
d'un matériau composite 

Defaults in composite materials drilling 

Rugosité 
Surface roughness 

Variation du diamètre 
Dimensional error 

Circularité 
Roundness error 

Défauts côté débouchant 
Damage of surface layers 

spalling, edge chipping, 
delamination, fuzzing 

Fissuration 
Crack formation 
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-- figure 2 

Influence des conditions de perçage 
sur les facteurs d'endommagement 

Drilling conditions 
and composite damages J 
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-- figure 3 --
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-- figure 4 -

Corrélation Frictional energy 
énergie de frottement and 

thermal damage 
dégradation thermique correlation 

. 

Matériau : composite Epoxy-Verre E multidirectionnel 
à 72% de fibres en pds 
Outillage : forets carbure 08 
- Titex-Plus, pointe 120° en diamant 
- Pedersen, pointe type bois 
Paramètres : 
- Vc = 400 à 800 m/min 
- f = 0,005 à 0,04 mm/tr 

Ef/mm 
unité : J/mm 

\ \ \f paroi'brûlée' * K \ 
\ \ \ thermal affected surface \ \ 

25 —^^—A—\ \ \ \ \ v v \ \ 
domaine contenant le seuil d'apparition 
du processus de dégradation thermique 

appearance zone of thermal damage 

127////r^(i^ '; ' y/// 
////// without thermal damage /J J f 

Ef/mm = énergie transmise par frottement parasite du listel du 
foret sur la paroi du trou, par unité de longueur percée 
Ef/mm = frictional torque energy per unit drilling length 
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-- figure 5 --

Г f Etat de surface en fraisage surface roughness 
en roulant in milling ) 

Matériau : Epoxy-Verre monodirectionnel Outil : Fraise de détourage 
(LY 50-52) ( Roving 2400 Tcy) Pedersen 012,7 ; carbure K10 
22 couches, 65% de fibres en pds denture alternée 
Les surfaces obtenues par usinage en concordance sont plus régulières que celles générées 
en opposition. 

Rugosité de la surface usinée : Ra 

Défauts aux extrémités 

Matériau : Epoxy-Verre bidirectionnel 0°-90° Outil : Fraise de détourage 
(LY 50-52) ( Roving 2400 Tcy) Pedersen 012,7 carbure K10 ; 
12 couches, 65% de fibres en pds denture alternée 

Le déchaussement est nul lorsque le sens de 
coupe de la fraise est dirigé vers l'intérieur de la 
surface usinée. 

Concordance Opposition 
(avalant) 
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-- figure 6 --

Décomposition des paramètres 
causant des brûlures 

sur les surfaces usinées Matériau : Epoxy-Verre monodirectionnel 
en fraisage en roulant LY 50-52) (Roving 2400 Tcy) 

Thermal damage 22 couches. 65% de fibres en pds 
| in composite milling 
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