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SUMMARY

An investigation has been made into the possibility of using composite 
materials for intermediate range structural designs. That is, designs 
between the small and relatively low stressed requirements such as 
furniture where the quantity of G.R.P. does not dominate the cost and 
higher requirements such as in aircraft and ships where the cost is 
acceptable. As an example of this level, a joint investigation with 
industry was made into the possibilities of using composites for the 
quantity manufacture of international shipping containers. The only 
acceptable material for such a large structure (weighing 2 tons) is 
Glass Reinforced Polyester and while the whole container was considered 
this thesis concentrates on the design and approval of the floor 
structure.

The properties of a variety of G.R.P. glass forms and polyesters have 
been measured from material tests and statistical safe values derived.
As stiffness is of great importance both static and dynamic elastic 
modulus have been measured. Floor panels have been designed and 
tested and these show that to meet both structural and manufacturing 
requirements the glass form will be a mixture including, woven rovings, 
uniaxial fibres, chopped strand mat and possibly a low density filler.

The use of adhesive bonding as a main method of jointing has led to 
a programme of tests including the effect of joint geometry. These 
methods are to be preferred to mechanical fasteners even when joints 
are made to metals.

It was found to be possible to design a container floor to meet the 
International Standard at?structure weight vhich is better than existing . 
containers. The cost of the glass fibre and polyester made the 
container cost appreciably higher than the price of conventional 
containers.
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1.
1.0 GENERAL INTRODUCTION

1.1 HISTORICAL BACKGROUND OF PLASTICS

The plastic industry is about a hundred years old. The inportance 
of history is that it enables us to understand the times in which
we live by placing them in their true perspective. The use of
various natural plastic materials such as amber, sealing wax, gum 
arabic and other plant resins is traceable to early Egyptian and 
Roman times. Resins which may be animal, vegetable, or synthetic in 
origin, are various solid or semisolid, amorphous, organic substances 
soluble in ether and alcohol but not in water.

It was not until about 1846 that the first syneflc plastic material,
nitrocellulose, was discovered by the German chemist Christian 
Friedrich SchUnbein. A contemporary German scientist, Johann 
Christian Poggendorf, who had received samples of the new material 
from his colleague, suggested that the glasslike material might be 
used for windows, a rather hazardous application, since nitrocellulose 
is rapidly decomposed by heat and is unstable in the presence of 
sunlight. (Ref. 1)

Alexander Parkes of Birmingham, England is credited by some 
authorities with having mixed this new material with camphor in the 
presence of alcohol as early as 1865, producing a hornlike mass 
which formed the basis of ’Parkesine’ a forerunner of ’Xylonite' 
idiich is the British form of Celluloid. Other authorities less 
restrictive in their use of the term plastic point out that as 
early as 1859 an Englishman, Thomas Taylor, obtained a British 
patent covering the essential features of the manufacture of 
vulcanized fibre. (Ref. 2)

The story of John Wesley Hyatt and the invention of ’Celluloid’ 
is well known. Even the British authorities who claim precedence 
for ’Parkesine’ admit that Hyatt and his brother Isaiah produced 
in 1868 to 1869 the first commercially satisfactory product.
Dr Gordon M. Kline, Technical Editor of Modem Plastics says of 
this invention, ’It is amazing that a material so hazardous to 
handle and so readily decomposed by heat has held an inportant place 
in the plastic industry for so many years ’. In 1870 the f^^atts
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founded the Albany Dental Plate Conpany to handle the first 
application of the cellulose nitrate canphor plastic. By 1872 the 
brothers had established the Celluloid Manufacturing Conpany in 
Newark, where it is still doing business under the name of Celanese 
Corporation of America, Plastics Division. (Ref. 3)

Cellulose nitrate plastic was thus the original thermoplastic 
material. Because of its inflammability, this plastic has been 
largely replaced by cellulose acetate (first commercially produced 
during World War I, but prepared as early as 1865) and cellulose 
acetate butyrate (known also as butyrate, and developed in 1938 
by the Tennessee Eastman Corporation). These and other cellulosics 
are thermoplastic materials.

’ Bakelite ', a trade name so widely known as to be almost a generic 
name, now designates all the multitudinous types of resins, moulding 
and extrusion conpounds, sheets, films, laminates, varnishes, 
cements and adhesive manufactured and sold by the Bakelite Conpany, 
a division of Union Carbide Corporation, New York. As recently as 
1935, however, the word ’bakelite’ was virtually synonymous with 
’plastics’ at least to the man in the street, simply because it 
dominated the plastics field at that time. Bakelite, the first 
commercial synthetic resin in history, was also the first thermo
setting resin. Today it is still the most versatile of synthetic 
resins, and the most widely used in the high-pressure laminating 
field. (Ref. 4)

Leo Hendrik Baekeland (1863 to 1944) was an American chemist b o m  
in Ghent, Belgium, who went to the United States in 1889. His 
early interests were in inproving methods of developing photographic 
film, and the manufacture of photographic printing paper. From this 
he turned to the problem of producing a synthetic shellac for 
bonding mica and impregnating paper for the electrical industry.

Baekeland was familiar with the work of Johann Friedrich Adolf Baeyer 
of Germany and G. T. Morgan of England who had shown that the 
reaction between phenols and formaldehyde leads to the formation of 
resins. For nearly 35 years research workers had rejected these
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resins as having no industrial or commercial value, in the belief 
that only pure liquids were valuable as organic reaction products; 
another reason for rejection was the inability of the investigators 
to control the phenol-formaldehyde reaction. In 1909, under the 
title ’Insoluble Products of Phenol and Formaldehyde’ there was 
described and patented by Baekeland (U.S. Patents 942699, 942700, 
942808 and 942809) a technique for converting this resin into a 
moulded product in a relatively short time.

In 1910 and again in 1912 Baekeland was granted additional patents 
covering the use of phenol formaldehyde resin for impregnating 
fibrous sheets in the manufacture of laminated products.

Baekeland, who at one stroke thus became the ’father’ of laminated
plastics as well as of thermosetting plastics, began the manufacture 
of Bakelite resins and moulded articles at his laboratory in Yonkers, 
N.Y. in 1907, two years before his first patents came through. In
1900 he organized the General Bakelite Conpany, which in 1922 was
merged with the Redmanol Chemical Products Conpany and the Condensite 
Conpany to form the Bakelite Conpany, which in 1910 became a division 
of Union Carbide Coiporation. When the basic patents expired in 
1926 and 1927, a number of other firms such as Durez Plastics and 
Chemicals, Inc., division of Hooker Electrochemical Conpany (’Durez’ 
resins and moulding conpounds), Barrett Division of Allied Chemical 
and Dye Corporation (’Plaskon’ moulding, coating and bonding resins) 
and Monsanto Chemical Conpany (̂  Res inox’ resins and moulding conpounds) 
began marketing phenol-formaldehyde resins for a constantly increasing 
variety of applications in the plastics industry. (Ref. 5)

Although Baekeland had patented the idea of using phenolic resins 
for impregnating fibrous sheets in 1910 and again in 1912,
J. P. Wright, who had founded the Continental Fibre Conpany in 1905, 
seems to have been the first to make a phenolic laminate as we know 
it today. At about the same time, the Westinghouse Electric and 
Manufacturing Company began a programme of developing phenolic 
laminates. The laminate produced by Wright had, it is true, been 
preceded by the ’inpregnated felt paper’ made by the Richardson 
Conpany (founded in 1858 at Dockland, Ohio) and sold as a roofing 
material as early as 1890. In 1907 Richardson entered the boxboard
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container field and began experimenting with methods of laminating 
paper with chemical adhesives, but did not begin research in 
laminated plastics, as such, until 1923.

The Wright (or Continental Fibre Conpany) laminate was not 
patented because Baekeland already had a patent. Baekeland's patent 
was based on applying heat and pressure to a piece of cardboard 
inpregnated with his new phenolic resin to form a hard, dense mass. 
Both the Continental Fibre Conpany and the Westinghouse Company 
received a licence from the Bakelite Conpany to use the heat-and- 
pressure method with the stipulation that the resin varnishes be 
purchased from the Bakelite Conpany. So the phenolic laminating 
industry - and hence the entire laminated plastics industry - was 
b o m  in 1911. (Ref. 6)

Before and during World War I there arose a growing need, 
particularly in the electric industry for a rigid structural 
material with good dielectric properties that would combine the 
toughness resilience and low cost of vulcanized fibre with greater 
resistance to moisture and changing climatic conditions, as well 
as with greater dimensional stability.

Growth of the iidustry was rapid thereafter, highlighted by the 
mergers of many fibre firms founded before the turn of the century 
and by the subsequent emergence of such well-known conpanies as 
National Vulcanized Fibre (1922), Continental Diamond Fibre (1929), 
Synthane Corporation (1928), Formica Corporation (1913), Taylor 
Fibre (1935) and Spaulding Fibre Conpany (1923) - the latter being 
(1965) the world's largest manufacturer and fabricator of 
industrial laminates. While most of these conpanies had a long 
history before the mergers, the Synthane Corporation was newly 
formed for the sole purpose of producing 'Laminated Bakelite', 
the name by which the product was known for many years even after 
the introduction of impregnating resins other than phenolformaldehyde, 
The Formica Corporation began specializing in the manufacture of 
decorative laminates, although today it manufactures over 50 
standard grades for electrical, chemical and mechanical applications 
in addition to decorative grades. From the point of sales, Formica
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is one of the largest manufacturers of high pressure laminates 
in the world. A phenolformaldehyde condensation product called 
Resinite was made under English patent of 1905 and offered 
originally as a substitute for 'Celluloid*. Juvelite was made 
in Germany, and Karbolite in Russia. Tufnol and Wareite are 
phenolic laminates currently manufactured in Great Britain. Urea- 
formal dehy de, resorcinolformaldehyde and furfuralformaldehyde resin 
have been developed since about 1928 in order to provide better 
colour, corrosion resistance and adhesive bonding respectively than 
is obtainable with the 'workhorse of the plastics industry' - the 
phenolics. The epoxies being the most recent of the thermosetting 
and the urethanes, the latest of the thermoplastics.

Low pressure or reinforced plastics were not developed until after 
the appearance, during World War II, of the commercially available 
polyester resins. Epoxy resins, despite their higher cost, are 
competitive with polyesters in this field, although not introduced 
until 1948. Polyester-based reinforced plastics had their first 
major application in aircraft structures, radomes, body armour, 
hulls for light combat naval craft, and similar military uses, in 
combination with fibrous glass mats or fabrics. Beginning in 1946 
polyester-glass laminates began to be used in the manufacture of 
reinforced-plastics pleasure boats. By 1953, a total of about 4,000 
such boats had been manufactured, by 1965 the annual production of 
reinforced-plastics boats was approximately 65 million lb. (Ref. 7)

Since 1950, a considerable amount of polyester glass reinforced 
plastic has been used in the automotive, truck and railroad industry; 
in reinforced-plastic seating for buses, automative and truck bodies 
and many accessories. Epoxy-glass combinations have also grown in 
importance in plastic tooling. Other outlets for low-pressure or 
reinforced plastics laminates are aircraft components, consumer 
appliances, fishing rods, piping, tanks, ducts, construction, 
architectural forms, missile and rocket components, 'hi-fi' speaker 
cabinets, and various types of industrial containers.

Another important development in reinforced plastics technology is 
filament winding, in which the reinforcing material - usually glass
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fibre in filament, roving or tape form - is unidirectional as 
distinguished from woven or mat (random) reinforcement, and is 
wound on a mandrel, being impregnated with a resin usually epoxy 
or preimpregnated before the winding which can be performed in 
precisely controlled patterns guided by screw, chain, hydraulic-servo 
or cam-actuated mechanism. Filament-wound end products include 
pressure vessels, rocket-engine cases, radomes, nose cones, storage 
tanks, and aircraft components generally. (Ref. 8)

1.2 WHAT ARE PLASTICS?

1.2.1 Plastics in General

The word plastic means capable of being formed. This broad 
definition can be used to include such commonplace materials as 
clay, wax, cement, plaster, glass and metals, for indeed these 
substances are plastic in that they can undergo change of shape 
under proper forming conditions and retain that new shape. The 
plastics materials do not occur in nature. They are man-made, in 
other words organic materials made from large molecules that are 
constructed by a chain-like attachment of certain building-block 
molecules. The properties of plastic depend heavily on the size 
of the molecule and on the arrangement of the atoms within the 
molecule. For exanple, polyethylene is made from the ethylene 
building bbck, which is initially a gas. Through a process called 
polymerization, a chain of ethylene molecules is formed by valence 
bonding of high carbon atoms within the ethylene molecule. The 
high-molecular-weight product that results is called a polymer. 
Hence, the designation polyethyle is used to distinguish the high 
molecular-weight plastic from its gaseous counterpart, ethylene, 
which is the monomer that becomes polymerized. The ’poly* refers 
to the 'many* ethylene building-bbck molecules, or monomers, that 
join to form the polyethylene plastic molecule. Frequently, the 
term 'resin* is used interchangeably with 'polymer* to describe 
the backbone molecule of a plastic material. However, 'resin* is 
sometimes used to describe a syrupy liquid of both natural and
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synthetic origin. Plastics, in the finished product form, are seldom 
conprised exclusively of polymers, but also include other ingredients 
such as fillers, pigments, stabilizers, and processing aids. However 
all those industrial materials known as plastics are always taken 
from the polymer designation.

As a result, all industrial plastic materials conform with the 
following, they are:

(a) Organic Polymers
(b) Organic/Inorganic polymers
(c) Naturally occurring
(d) Naturally occurring and chemically modified
(e) Synthetic
(f) Capable of being conpounded with plasticizers, reinforcing

fillers and other minor ingredients such as colourant, 
lubricants and stabilizers.

(g) At some stage in their production in a plastic condition

1.2.2 Fibre Reinforced Plastics G.R.P.

The term 'reinforced plastics' inplies that two materials, one 
consisting of reinforcement usually in the form of long slender 
fibres and the other a fibre impregnating matrix resin, are combined 
to obtain a composite material which possesses many of the desirable 
characteristics of each constituent material. A variety of 
reinforcing fibres are in use. Fibre-reinforcing materials include 
natural cellulose fibres, i.e. cotton, linen and jute for fabric 
reinforcement; paper made from ramie, esparto, straw, Manila hemp, 
and wood fibres ; synthetic fibres, including viscose rayon and 
nylon for fabrics; and mineral fibres, including asbestos and glass 
fibres. The variety and use of glass fibres have expanded 
tremendously in recent years.

Fibres may be used to reinforce plastics in a variety of ways. Short 
fibres of cellulose and asbestos and chopped strands of glass fibre 
may be introduced directly into moulding conpounds. Short fibres 
also may be combined in several ways prior to inpregnation ; chopped



glass-fibre strands are formed into loose mats, natural cellulose 
fibres are made into paper, and short natural fibres are spun into 
thread for cloth. The natural fibre thread, continuous filament 
synthetic fibres, and centinuous-fi 1 ament glass fibres are used 
for making laminates. A variety of resins have been used for 
reinforced plastics, including both thermosetting and thermoplastic. 
So resins are broadly classifiable into two types, THERMOPLASTIC 
and THERMOSETTING. Thermoplastic resins are those which undergo no 
permanent change on heating. They soften or perhaps melt when 
warmed, and may be moulded a shape which they retain on cooling; a 
plastic object made from this type of resin can always be remoulded 
into some new shape. A common method of fabrication is injection 
moulding, in which molten material is forced into a cold mould 
where it congeals, a technique quite similar to die casting of 
metals. Exanples of thermoplastic resins are the styrene types, 
the vinyl types and the cellulosics.

A thermosetting resin is one which first softens on heating and so 
may be moulded but, on continued heating, the material hardens or 
sets to become relatively rigid. Setting is accomplished by a 
chemical reaction which is triggered off in the mould and, once 
this occurs, the material cannot be reformed or remoulded. A 
finished piece can be removed from the hot mould, a distinguishing 
advantage of thermoset materials. The phenol ics, the ureas and 
the melamines are all examples of thermosetting resins. (Ref. 9-13)

1.3 THE NATURE OF REINFORCED PLASTICS

1.3.1 General

Glass fibre reinforced plastics (G.R.P.) have advantages as 
structural materials over both unreinforced plastics and glass 
fibres used alone. Unreinforced plastics have low density and are 
easily processed. They have good weathering properties and require 
no surface protection. Disadvantages, which limit their use in 
structural applications, are low stiffness, low strength and creep
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under load. Glass fibres are stiff and strong but so brittle that 
the high stiffness and strength cannot be fully utilized.

By fabricating a composite material of glass fibres embedded in a 
plastics matrix, it is possible to combine many of the desirable 
properties of both constituents. G.R.P. has taken its place as a 
proven material in a wide range of industries, including marine, 
land transport, aerospace, building, chemical process plant, etc.
It has made these breakthroughs because applications have been 
selected in which reinforced plastics offer distinct advantages 
over competitive materials. The major advantages may be summarized 
as follows:

(a) Excellent corrosion resistance in a wide range of aggressive 
environments.

(b) Lightweight, easy to handle.

(c) Easy to maintain.

(d) Easy to fabricate conplex shapes.

(e) Good thermal and electrical insulation.

(f) Good surface weathering properties,

Cg) Easily coloured, made translucent, surface textured.

(h) Low resistance to fluid flow in pipelines.

(i) Good abrasion resistance.

(j) Low taint and toxicity for foodstuffs.

1.3.2 Glass Fibres and Types of Lay up

The glass reinforced plastics are light, strong, constructional 
materials with weather resistant surfaces which are easily 
fabricated into conplex shapes. The glass fibres enhance the 
poor stiffness, strength and creep resistance of the plastic^matrix.
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whose purpose is to transmit the load into the stiff fibres and to 
protect them from damage.

A range of different G.R.P. materials are now available depending 
on the choice of matrix material and the method of glass 
reinforcement.

A unique feature of G.R.P. materials is that they are usually foimed 
during fabrication of a component. Traditionally this fabrication 
is by hand lay up in which glass fibre reinforcement is placed on 
a mould and impregnated with catalysed resin. The required 
thickness is built up in layers, the resin left to cure and the 
finished article removed from the mould. To facilitate this process 
glass fibres are supplied in sheet form of which there are three 
main types.

(a) Chopped strand mat (GSM), which consists of chopped glass 
fibres held randomly orientated in a mat by a chemical binder.

(b) Woven rovings (WR) which are a woven fabric which is varied 
in thickness and weight according to the number of fibres 
in the roving.

(c) Uniaxial fibre lay up either held together by a minimum 
transverse weave or by preinpregnating the resin. [Ref. 14-16)

G.R.P. finds further applications, other fabrication techniques have 
also been developed, such as the spraying of chopped fibres with 
catalysed resin onto a mould, hot press moulding methods and 
filament winding. Present work will be mainly concerned with 
G.R.P. materials made from three types of glass fibre sheet by 
contact moulding. However, it should be noted that the properties 
of materials fabricated by other methods are often similar to hand 
lay up laminates containing the same type of reinforcement.
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1.4 THE ADVANTAGES AND DISADVANTAGES OF G.R.P. MATERIALS

1.4.1 Advantages

When considering their general applications, plastics offer several 
inportant advantages over other materials. Their most general 
technical advantage is probably that they are light in weight.
Thus, the relative specific densities of most plastic materials 
range from 0.9 to 1.4, as compared with 2.7 for aluminium and 7.8 
for steel. The density of foamed plastics can be even lower, but 
that of reinforced or heavily filled plastics can rise to about 
3.5, the value depending on the amount and the relative density of 
the reinforcing median or filler.

Some plastic materials are very fragile whereas others are very 
tough and may even be almost indestructible by mechanical treatment. 
They may be very resilient and thus able to withstand large strains 
that are recovered when the external loads are removed.

Some are highly resistant to fatigue under cyclic loading, and 
their highly mechanical hysteresis makes for good vibration danping. 
Several plastics offer very little frictional resistance to relative 
movement between themselves and metal and are, therefore, often 
suitable for unlubricated bearings. Owing to their low thermal and 
electrical conductivities plastics are good insulators, although as 
insulators for high frequency electrical currents some are very 
much more efficient than others.

In general the chemical resistance of plastics complements that of 
metals. Thus they are resistant to acids which attack metals but 
are vulnerable to organic solvent, to which metals are generally 
inert. Some plastics are transparent idiile others are translucent, 
but they can all be coloured by the addition of dyes or pigments, 
which in most cases obviates the need for painting articles made 
from plastics.

As a result the advantages of plastic materials could be as follows:
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1. Excellent corrosion resistance in a wide range of aggressive 
environments.

2. The low density can save weight in many applications.

3. Greater design latitude: conpound curves or angles difficult
to produce in metal can be more easily achieved. Extra 
thickness needed to strengthen certain sections can be 
incorporated during production.

4. Moulded construction: Fitting and assembly of multiple
conponents are eliminated by one piece construction. Rivets, 
bolts and welds are unnecessary within the component.

5. Ease of fabrication: large products can be made on
comparatively inexpensive equipment. Tooling as sinple as
cardboard forms or wire mesh can support a laminate during 
cure. Low-cost plaster or plastic tools are commonly used.

6. Ease of installation: large structures can be airlifted into
position and usually require lighter supporting members.

7. Ease of repair: Local impact damage can be repaired on the
spot using room tenperature curing resins and a fibrous patch.

1.4.2 Dis advantages

Probably one of the most serious disadvantages of plastic material 
is that their mechanical properties may deteriorate rapidly with 
tenperature, some plastics being unserviceable at temperatures 
below 100°C.

Even at normal temperatures plastics are considerably less stiff 
than steel or even aluminium when they are compared, in the usual 
way on the basis of their Young’s moduli. However, because they 
are light in weight, their stiffness conpares much more favourably 
when it is considered per unit of weight of the material than per 
unit of cross-sectional area or volume.
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The strength of plastics is also lower than steel or aluminium, 
although not to the same extent as their stiffness, but their 
specific strength or strength per unit of weight conpares even more 
favourably than their specific stiffness.

The surface hardness of plastics is generally low and at best 
conparable with that of aluminium which can lead to considerable 
indentation under high local surface stresses. Other surface 
phenomena such as abrasion resistance, vary considerably. Thus, 
while some plastics may wear rapidly, nylon can wear less than a 
metal that is in rubbing contact with it.

Although all plastics can be destroyed by heat or flame, their 
rate of destruction varies considerably, both with the nature of 
the base polymer and the conposition of plastics. For example, 
polyethylene bums readily but can have flame-retarding substances 
incorporated in it and unplasticized polyvinyl chloride and certain 
grades of polyester resins do not readily support combustion.

Some plastics are subject to damage by ultraviolet radiation but 
this can be counteracted by addition of an ultraviolet absorber, 
such as carbon black. Other factors can also affect the weathering 
of plastics to different extents, and while some can withstand 
many years of continuous exposure others weather badly.

In fact, plastics are not cheap. On a weight basis even the 
cheapest are more expensive than mild steel, and on a volume basis 
their costs are comparable with, but not lower than, those of 
various metals. However, manufacturing costs of products are made 
up not only of material costs, but also of labour costs and 
manufacturing overheads. These can be low where low-cost labour 
is available. (Ref. 17-18)

In general, disadvantages of G.R.P. material can be put as follows :

1. All fabricating processes are slow by comparison with those 
used for pressed steel or sheet metal.
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2. Cost of resin and glass is comparatively high, this is 
frequently offset by less costly equipment and by less highly 
skilled labour.

3. The rigidity of reinforced plastics is not very high, when 
compared with that of many metals.

4. Product uniformity is difficult with some of the laminating 
procedures.

5. Mechanical and other properties of contact moulded components 
tend to be inconsistent.

6. Thin sections are not as stiff as comparable metal thickness.

7. Labour hours per pound of laminate is higher when hand lay-up 
is made.

1.5 APPLICATION OF G.R.P. IN STRUCTURES

G.R.P. materials in the various forms described above have found 
application in many products. It appeared that these applications 
concerned two extremes, low stress applications, often using C.S.M., 
in furnishings, car bodies and similar items and the expensive 
applications used mainly in aeronautics. Co-operation was started 
with industry, and in particular with British Petroleum Ltd, Chemical 
Division to consider applications which were intermediate in the 
range, that is medium cost and medium strength requirements. To this 
end the International Shipping Container was chosen as an interesting 
possibility for the application of Glass Reinforced Polyester. This 
research studies the structural properties of G.R.P. and adhesive 
joints in a general context and also looks towards the specific 
application of an I.S.O. specification 20 ft container.
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2.0 DESCRIPTION OF RESINS AND GLASS REINFORCEMENT

2.1 THERMOSETTING RES INS

Thermosetting resins are liquids which when suitably catalysed 
set to form a hard solid. The principal resins in use with glass 
fibre reinforcement are polyester resins and in more limited 
quantities, epoxy resins. Other more specialist thermosetting 
materials are phenolic, furane and silicone resins. Polyesters 
are less dangerous to handle, easier to catalyse and much cheaper 
than epoxides. However, epoxides show improved mechanical 
properties, particularly at elevated temperatures. Most polyesters 
and some epoxides may be cold cured and thus lend themselves to 
handle lay-up fabrication methods. Both resin types have good 
electrical properties.[high dielectric strength, arc resistance, 
low loss) and are resistant to corrosion and attack by many acids 
and alkalis. However, they are brittle materials with relatively 
low stiffness and strength and it is to enhance these mechanical 
properties that glass fibre reinforcement is added.

2.1.1 Polyester resins

The polyester resins generally being used in this work are the 
unsaturated polyester resins, where the main polymer chain contains 
ester groupings and unsaturated groups, which through the medium 
of olefin polymerisation provides a means of producing a stable, 
three-dimensional thermosetting resin. Unsaturated polyesters are 
prepared by reacting an unsaturated dibasic acid with a glycol, 
and dissolving the mixture in a reactive solvent such as styrene.
On polymerising the styrene cross-links the molecular chains 
forming a solid copolymer of styrene and polyester. Several 
different acids (orthophthalic, isophthalic, fumaric) and glycols 
(ethylene glycol, neopentyl glycol, bisphenol A) may be used to 
produce resins with particular characteristics, e.g. isophthalic 
acid for heat resistance, bisphenol A for chemical resistance.

Curing is the term used for the gelation and hardening of the liquid 
resin and it is usually initiated by adding a suitable catalyst
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(initiator) to the liquid polyester resin. Curing begins as soon 
as the catalyst and resin are mixed but the ro&b of cure is too 
slow for practical purposes. The reaction is speeded up by 
heating or by the addition of an accelerator to promote the 
reaction at room temperature.

The curing reaction is exothermic and in a solid casting the 
temperature may rise to 150°C or higher depending on the unsaturation 
level in the resin, and the speed of reaction. However, by control 
of the level of catalyst used and the curing conditions, the 
temperature rise in a glass fibre reinforcement laminate would be 
considerably lower. There are three stages to the curing 
reaction:

(a) The gel time when the liquid resin sets to a firm gel, before 
the exotherm occurs.

(b) The hardening time after the exothermic reaction when the 
moulding is rigid enough to be removed from the mould.

(c) The maturing time when the moulding develops its full stability 
and hardness. This may take hours, days or weeks depending
on the curing conditions. Maturing may take place at room 
temperature or it may be speeded up by postcuring at 
elevated tenperature. Where optimum properties of the 
resin are required postcuring is essential.

The catalysts are usually organic peroxides compounded into pastes 
or liquids with suitable diluents for safety purposes. Many 
chemical compounds may be used as accelerators, the most used 
types being based on cobalt soaps or tertiary amines. Relatively 
small quantities of catalyst and accelerator are required, 
typically 1-4% of the resin weight.

Special polyester resins may be obtained with superior resistance 
to heat, water, chemical and flame spread. To cater for various 
processing conditions resins with differing cure or viscosity 
characteristics can be supplied. Thixotropic foims designed to
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improve inpregnation of glass fibre reinforcement and to reduce 
drainage on vertical surfaces are manufactured, together with resins 
containing pigments or mineral fillers for specific purposes.
Some typical physical properties of an unfilled cast polyester 
resin are listed below: Table 2.1 (Ref. 19)

Property Value

Specific gravity 1.2-1.5
Hardness (Rockwell M) 70-115
Hardness (Barcol) 30-60
Tensile Strength 40-90 N/mm^
Compressive Strength 90-250 N/mmZ
Young's Modulus 2-4.5 kN/mm^
Elongation at break 2%
Specific heat 2.3
Thermal conductivity 0.2 W/tfc
Coefficient of thermal expansion 1-2 X 10-“*/°C
Heat distortion temperature 50-110°C
Shrinkage on curing 4-8%
Water absorption 24 hours at 20°C 0.1-0.3%
Coefficient of static friction ■■ 0.27

TABLE 2.1: Typical properties of cast polyester resin
(conpiled from manufacturers’ literature)

The British Standard for polyester resins BS 3532 (5), specifies 
the properties of unsaturated polyester resins for use in low 
pressure (0-1.4 N/mm^) laminating and contact moulding. Resins 
are classified into five types: (Ref. 20)

1. General purpose
2. Inproved general purpose
3. Heat resistance
4. Low flammability
5. Very low flammability

Standards of quality are given which require that the resin should
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coirply with the properties listed below. The strength requirement 
given in the table refers to a G.R.P. laminate made up by 
impregnating ten layers of satin weave glass fabric (type S2/225 
of BS 3396 Part 3) to give a resin content of 35-40%. The 
standard also gives tolerances for specific gravity, viscosity, 
acid value, volatile content and gel time of the resin. (Ref. 21)

Property

Max
or
Min Units

Types

1 2 3 4 5

Temperature of deflection 
load of cast resin min °c 55 70 90 55 55

Water absorption of cast 
resin (BS 2782, 502 G) max mg 20 25 25 35 25

Crossbreaking strength 
of laminate min N/mm^ 350 350 350 280 350

Crossbreaking strength 
after 2 hours in boiling 
water min N/mm^ 280 280 280 210 280

Crossbreaking strength 
after 5 hours at 
deflection temperature min N/mm^ 110 110 110 70 110

Crossbreaking strength 
after 168 hours at 
deflection temperature min N/mm^ 180 180 180 140 180

TABLE 2.2: Required properties of polyester resin according
to BS 3532 (5)

2.1.2 Epoxide Res in

Several types of epoxide resins are commercially available. They



19

consist typically of a linear polycondensate of epichlorohydrin and 
bisphenol A which is crosslinked to a solid by reaction with a 
variety of hardeners. These hardeners may act as catalysts or 
become directly involved in crosslink formation during the reaction, 
Curing may be effected at room or elevated temperatures depending 
on the resin and hardener employed. Amines and acid anhydrides 
are widely used hardeners in the production of resin systems for 
structural applications. Depending on the resin and hardener 
system the quantity of hardener required can vary from 1% to over 
50% of the cured resin. Manufacturers recommend the quantity of 
hardener for their resin systems and accurate weighing is essential 
if cast resins are to attain their optimum mechanical properties.
In common with polyester resins a wide range of additives 
(flexibilisers, fillers, flame retardants, etc.) are available for 
particular applications. Some typical physical properties of an 
unfilled cast epoxide resin are shown in Table 2.3 below:

Property Value

Specific Gravity 1.1-1.4
Hardness (Rockwell M) 100-115
Tensile Strength 35-100 N/mm^
Compressive Strength 100-200 N/mm^
Young’s Modulus 3-6 kN/mm^
Elongation of Break 1-6%
Poisson’s Ratio 0.38-0.40
Thermal Conductivity .1 W/m °C
Coefficient of thermal expansion 6 X 10-5/°C
Heat distortion tenperature 50-300°C
Shrinkage on curing 1-2%
Water absorption 24 hours at 20°C .1-.4%

TABLE 2.3: Typical properties of cast epoxide resin

The British standard for epoxide resins, BS 3534, specifies the 
properties of epoxide resins for use in low pressure laminating t
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and moulding with glass fibres in the pressure range 0-1.4 N/mm^. 
Resin systems are classified into ten types according to the heat 
deflection tenperature. Standards of quality are given which 
require that resin should conply with the properties listed below, 
Table 2.4. The strength requirements given in the Table refers 
to a G.R.P. laminate made by inpregnating 10 layers of satin weave 
glass fabric (BS 3396) to give a resin content of 35-40%. The 
standard also gives tolerances for the consistency (viscosity, 
non volatile content) of the liquid resin and hardness.

Property

Max
or
Min Units

Types

10

Temperature of 
deflection 
under load of 
cast resin

Water absorption 
of cast resin 
(BS 2782, 502G)

Crossbreaking 
strength of 
fabric laminate

Crossbreaking 
strength after 
2 hours in 
soiling water

Crossbreaking 
strength after 
24 hours at 
elevated tenp.

Min 70 90 105 120 140 155 180 200 260

max mg 30 25 25 25 25 25 25 30 60 120

min N/mm^ 345 380 380 380 380 380 380 380 310 310

min N/mm^ 207 310 310 310 310 310 310 310 275 290

min N/mm^ 240 240 240 240 240 240 240 240 207 L72

TABLE 2.4: Required properties of epoxide resin systems, according to
BS 3534 (Ref. 20)
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2.2 GLASS FIBRE REINFORCEMENT (FILAMENT)

Glass fibres or filaments of 8-15 pm in diameter are produced by 
drawing molten glass through suitable, orifices. Most fibres for 
plastics reinforcement are made from a special low alkaline glass 
(alkali content less than 1%) termed E glass, which draws well and 
has good strength, stiffness, electrical and weathering properties. 
Of the many other types of glass fibre Adiich are available, the 
main ones are: A glass, which has an alkali content of 10-15%, and
is inferior to E glass in electrical properties, but cheaper;
S glass which is stronger and more temperature resistant than E 
glass, but more expensive and at present used only in U.S. Aerospace 
applications. In this work attention is restricted to E glass 
fibres since they are the most widely used reinforcement for 
plastics. Some typical properties of an E glass fibre are given 
below in Table 2.5 (Ref. 22)

Property Value

Specific Gravity 
Tensile Strength 
Extension at Break 
Young’s modulus 
Poisson’s ratio
Coefficient of Thermal Expansion 
Thermal Conductivity

2.56
,1.4-2 kN/mm^ 
2.5%
65-75 kN/mm^ 
0.2
4.7 X 10-6/°C 
1.04 W/m°C

TABLE 2.5: Typical properties of an E glass fibre

This table shows the high stiffness and strength properties of 
glass fibre conpared with polyester and epoxide resins. Other 
features possessed by E glass fibre which makes it an ideal 
reinforcement material are: creep resistance, fireproof,
resistance to tenperatures ip to 550°C, resistance to most 
chemicals and immunity to microbiological attack.
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Single glass filaments are easily damaged and on drawing they are 
coated with a size which protects them and binds single filaments 
into a strand containing about 200 filaments. For G.R.P. 
applications silane or polyvinyk acetate size is commonly used 
and these are compatible with polyester and epoxide resins and 
also act as coupling agents, giving a good fibre resin bond. In 
practice glass strands are not used directly for reinforcement 
of plastics but are incorporated into rovings, mats and fabrics 
which are more easily handled during fabrication of the conposite.

Some of the main types of glass reinforcements are briefly 
described below.

2.2.1 Glass Rovings

Glass fibre rovings consist of a number of untwisted strands and 
are usually supplied wound together on a spool. Rovings may contain 
up to 120 strands depending on the application. They may be used 
directly for hand lay up to give an unidirectional reinforced resin 
or to selectively reinforce critical parts of other G.R.P. 
constructions. Rovings are also used in the fabrication of 
unidirectional composites from prepreg sheets and by the filament 
winding or pultrusion processes. BS 3691 gives a specification for 
glass fibre rovings, classifying them into two main types: namely
chopping grades and weaving or winding grades. The main mechanical 
property requirements in the standard are that polyester and 
epoxide resins reinforced by unidirectional rovings with glass 
contents of 60% and 50% respectively, should have a minimum 
crossbreaking strength of 588 N/mm^ along the fibre direction. (Ref. 23)

2.2.2 Woven Glass Reinforcement

Woven rovings are a coarse glass fabric made from weaving grade 
roving Figure 2.1. Because the rovings are untwisted, the 
fibres lie flat giving the fabric excellent draping properties.
Woven rovings are manufactured in a range of weights from 200 g/m^ 
to 850 g/m^ and nominal thicknesses from .2 mm to .9 mm.
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Plain weaves are most widely used. In a plain weave each roving 
is passed under one roving and over the next as in Figure 
(b). It is usual for the warp and weft rovings to contain the 
same number of glass strands. It follows that a WR laminate, 
in which reinforcement layers are aligned in the same direction, 
should have approximately equal properties in the warp and weft 
directions. In addition the approximate alignment of fibres in 
these directions leads to stiffness and strength properties 
being higher than in other directions in the laminate.

i

m m m

m

%

(a) (b)

FIGURE 2.1: Glass fibre reinforcing material
(a) Chopped Strand Mat
(b) Woven Rovings
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BS 3749 provides a specification for WR reinforcements, giving 
construction details for a number of standard weights. The 
main requirements are that the weight of WR fabric per square 
metre should be within ±10% of the nominal value and the cross- 
breaking strength of specimens cut from a WR/po lyes ter laminate 
containing a glass content of 60 ± 5% should have a minimum value 
of I 88 N/mm^ in the warp and weft directions. (Ref. 24)

A second type of woven glass fibre reinforcement is glass fabric. 
This is woven on textile machinery from glass yam, which 
consists of twisted glass strands plied together into a double 
balanced yam. Many types of weave construction are available, 
plain, square, twill and satin. Glass fabric has a much finer 
weave than WR fabric and the various weaves have different crinp 
properties which affect the drape qualities.

Fabrics may also contain different quantities of fibres in the 
warp and weft directions which influence the anisotropy in 
mechanical properties. This ranges from balanced weaves containing 
equal numbers of warp and weft fibres to unidirectional fabric 
in which heavy warp yams are held together by a light open 
spaced weft yam. BS 3396 gives specifications for fabric 
construction and required minimum electrical and mechanical 
properties for fabric/polyester laminates. Glass fabric 
reinforcement is traditionally used in aerospace, and specialized 
electrical applications, and has largely been superseded by WR 
and GSM reinforcement in other applications. (Ref. 21)

2.2.3 Chopped Strand Mat GSM

GSM consists of chopped glass strands 25-30 mm in length, 
distributed in random pattem in the plane of the mat and held 
together by a small amount of resin binder, which may be in either 
emulsion or powder form. The mat is fabricated by allowing the 
chopped strands to fall on to a moving belt and then inpregnating 
them with binder. This method of production may induce a sligjit 
preferential orientation in the transverse direction to the roll.



25

In order to produce CSM laminates which are isotropic in their 
plane, it is therefore recommended that laminates are made up 
with the roll direction in alternate layers of mat placed at 
right-angles. Since most CSM are currently fabricated from E 
glass, the user’s choice is restricted to the type of binder and 
glass weight/unit area. CSM is made in nominal weights of 300, 
400, 600 and 900 g/m^ and BS 3496 provides a specification for 
E glass CSM. The main requirements are the mass of a roll should 
be within ± 8% of the stated value, individual specimens 
400 mm x 250 mm cut from roll should be within ± 19% of the 
nominal mass/unit area; the crossbreaking strength of a CSM/ 
polyester laminate made to a total nominal glass weight of 
1800 g/m^ and glass content of 40-45% should exceed 205 N/mm^ 
when tested dry and 155 N/mm^ tested wet after 2 hours immersion 
in boiling distilled water. (Ref. 25)
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3.0 TEST EQUIPMENT AND TEST METHODS

3.1 TESTING MACHINES

3.1.1 100 kN Tensile Testing Machine

To determine the tensile strength of materials a Denison model 
T42B as shown in Figure 3.1 and 3.2 was used. The capacity 
of the machine is 100 kN. The load to the specimen is applied 
hydraulically and the actual load on the specimen is indicated 
on a dial by knife edge lever. The dial has capacity ranges 
which could be adjusted as required.

Wedge Grips :
Flat serrated steel wedge grips for a smooth specimen were used 
for tensile strength test. They are controlled in pairs by means 
of a key and the two halves of a pair open and closed in unison.

Extensometer:
For the stress strain curve the extensometer was used. The. 
Extensometer for the 100 kN Denison machine is shown in Figure 
3.3. A test specimen after application of failure is shown in 
Figure 3.4.

3.1.2 1000 kN Avery Testing Machine

To measure the deflection of the panels under varous point loads 
as well as uniformly distributed loads a 7104 CCJ/OCJ self indicating 
universal testing machine was used as shown in Figure 3.5, 3.6 
and 3.7. The capacity of the machine is 1000 kN.

The lower loading plate of this machine is 4 ft (1.2 m^) square 
allowing the panels to be loaded as beams. The machine conprises 
of two units the straining unit for applying the load and indicating 
unit for measuring the load and foi^accommodation of pumps and 
control gear.
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3.1.3 The hydraulic jack system for concentrated load

The hydraulic jack is connected to an Avery testing machine of 
type 7104 CCJ as shown in Figure 3.8. The load applied on 
the specimen depends on the piston area of the hydraulic jack, 
which is 5 in^ for conpression and 3.5 in^ for tension. When 
the load is applied there is a deflection of the panel. The 
deflections are measured by linear potentiometers fixed at 
different points on the panel as shown in Figure 3.9 and 3.10. 
The output of the linear potentiometer^fed to an electrical 
data logger and a recorder. A maximum of two inches deflection 
could be measured by this system.

3.2 MEASUREMENT OF RES IN/GLASS RATIO

In order to obtain the glass ratio of G.R.P. materials. Chopped 
Strand Mat, Woven Roving and the mixture of these two were 
burnt in a small crucible in the furnace. Burning temperature was 
approximately 500°C and the whole burning process took about 3 
hours. The specimens before being burnt and after being burnt 
were weighed with an accurate balance.

The weights of each specimen are as follows:

MATERIAL TYPE WEIGHT (gr) 
BEFORE BEING BURNT

WEIGHT (gr) 
AFTER BEING BURNT

GLASS 
WEIGHT 

FRACTICN %

Chopped Strand Mat 3.5512 1.1480 32.27

Chopped Strand Mat 
+ Woven Roving

7.6268 2.8947 37.95

Woven Roving 5.9212 3.1751 53.62
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In the calculations and the figures, volume fraction used. 
For this reason measured glass weight fractions are converted 
into volume fractions. For this conversion the following 
equation was used (Ref. 26)

Wf/Gf W f GVolume fraction V = ^ ^ x 100 ^ ^ x 100
%

Where:

Wf = Wei^t % of fibre
Gf = Specific gravity of fibre =2.54
Wr = Weight % of resin
Gr = Specific gravity of resin =1.20

The volume fraction was calculated from the above equation and 
listed in section 4. '.

3.3 ULTRASONIC METHOD FOR DYNAMIC ELASTIC MODULUS

3.3.1 Introduction

Ultrasonic techniques are finding increased uses and inportance in 
the field of non-destructive testing. Early attempts to use 
ultrasonicsfor testing were not too successful because the available 
instrumentation was not adequate. In addition the existing 
equipment was too conplicated to be operated by anyone but 
technically trained personnel on a laboratory scale. The radar 
type of electronic circuitry developed during World War II has been 
incorporated into ultrasonic testing equipment and improved so that 
ultrasonic testing is now becoming an approved and accepted method.

Commercial instruments are now available which can be used 
successfully by non-technically trained personnel.

Vibrational waves which have a frequency above the hearing range 
of the normal ear are called ultrasonic waves. This term generally 
includes all waves having a frequency greater than about 20,000 cps. 
The physical laws of acoustics which apply at audible frequencies
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also apply at this frequency. Certain phenomena which occur at 
ultrasonic frequencies are not usually observed in the audible 
range. There are several types of ultrasonic waves, namely 
longitudinal, transverse and surface. The transmission of ultra
sonic energy depends on particle vibration. The particles of 
the medium are displaced as the wave travels through the medium. 
Longitudinal waves are waves in which the particles of the 
transmitting medium move in the same direction as the wave is 
being propagated. These waves are sometimes known as compressional, 
dilational or irrotational waves. In transverse or shear waves 
the particles of the transmitting medium vibrate at right angles 
to the direction of wave propagation. These waves are sometimes 
referred to as shear waves or distortional waves.

transducertransducer

The above figure illustrates the difference between longitudinal 
and transverse waves ; thus either of these types of waves can be 
used for non-destructive testing.

The velocities of longitudinal waves and transverse waves are 
given by the following expressions.

Longitudinal wave velocity:

(a) The thin rod velocity in a rod whose diameter is much less 
than wavelength V

V = or E = p
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(b) The bulk velocity in a medium whose dimensions are much 
greater than a wavelength

E(1 - v)
(1 + v) (1 - 2v) 

Transverse wave velocity:

.(Ref 27)

' G '5 ' E 1 1

. ^ J P 2(1 - v)

where :

E = Young's modulus 
p = Density of the material 
V = Poisson's ratio 
G = Modulus of rigidity

3.3.2 Definition of Elastic Modulus by Ultrasonic Methods

In a continuous medium under the adiabatic conditions, the general 
stress and strain relation is given by Hooke's Law:

a = e E

Here the material is subject to purely mechanically exited waves and 
there are no external electrical or magnetic fields. After defining 
the strain-stress relation and ignoring the bo(fy forces on the 
material, the equation of motion can be written as:

«° .. „ —  — p u — 0
fix

(1)

For a plane wave U is the displacement which is given as:

U = Uq e ̂
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where w is angular frequency of the wave, k the wave number and 
X a space vector propagated through the material

ij =  fL =  -  0,2 u ei(wt - kS) /.-Io C2)

o
fix fix

fiU fie fiU

(3)

fix fix fix̂

2 Tj"k = —  where X is wavelength

When equation (2) and (3) are substituted into equation (1), the 
equation of motion reduces to;

- U„ ei(wt - kî) E = - o,2p u giCwt - kx)o

k^E = w^p

therefore E = —  p and w = —  
k2 t

47T̂  X^E = ---   p and X = Vt
t^ 47T̂

E  p - ---- Q - p

Therefore the elastic modulus is given by 

E = p V2

where \5&wave velocity
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3.3.3 Velocity Measurement by Ultrasonic Pulse Method

The velocity of ultrasonic pulses travelling in a solid material 
depends on the density and elastic properties of the material.
Of course the quality of the material is sometimes related tolie,-thoirr elastic stiffness so that measurement of ultrasonic pulse 
velocity in such a material can often be used to indicate thetr 
quality as well as determine-their elastic properties.

It can be shown that the velocity of a pulse of longitudinal 
ultrasonic vibrations travelling in an elastic solid is given by:

(1 " v) (Ref. 28)
p (1 + v) (1 - 2v)

The above equation may be considered to apply to the transmission 
of longitudinal pulses throu^ a solid of any shape or size. The 
pulse velocity is not affected by the frequency of the pulse so 
that the wavelength of the pulse vibration is inversely 
proportional to this frequency. Thus the pulse velocity will 
generally depend only on the properties of the material and the 
measurement of the velocity enables an assessment to be made of 
the condition of the material.

Method of Testing:

For assessing the quality of the material from ultrasonic pulse 
velocity measurement, it is necessary for this measurement to be 
of a high order of accuracy using the apparatus which generates 
suitable pulses and accurately measures the time of their 
transmission through the material tested. The distance which the 
pulses travel in the material must also be measured to enable the 
velocity to be determined from

Pulse velocity (V) = length (L) (1)
Transit Time (T)

Path lengths and transit times have been measured to an accuracy
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of about ± 1 % . The instrument indicates the time taken for the 
earliest part of the pulse to reach the receiving transducer 
measured from the time it leaves the transmitting transducer when 
these transducers are placed at suitable points on the surface 
of the material. Figure 3.11 shows how the transducers may be 
arranged on the surface of the specimen tested, transmission being 
either direct, indirect or semidirect.

1
Tx

« - . . .

V
Rx

(a) Direct transmission

o-

Rx

Cb) Indirect transmission

Tx Rx

(c) Indirect or surface transmission

FIGURE 3.11
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The direct transmission arrangement is the most satisfactory one 
since the longitudinal pulses leaving the transmitter are 
propagated mainly in the direction normal to the transducer face. 
In this work direct transmission has been chosen for all specimens, 
The indirect arrangement is possible but the ultrasonic beam of 
energy is scattered by discontinuities within the material tested 
therefore the strength of the pulse detected in this case is less 
than that detected for the same path length when the direct 
transmission arrangement is used.

Pulses are not transmitted through large air voids in the material
and if such a void lies directly in the pulse path the instrument
will indicate the time taken by the pulse which circumvents the 
void by the quickest route. It is thus possible to detect large 
voids when a grid of pulse velocity measurements is made over a 
region in which these voids are located.

Having determined the most suitable test points on the material a
couplant must be applied to the surface of the transducers and 
then pressed hard on the surface of the material. It is essential 
in all ultrasonic pulse tests to use some form of coupling medium 
between the faces of the transducers and the material under test. 
Failure to do so will result in a loss of signal due to inadequate 
acoustical coupling.

Silicon grease, water punp grease, medium bearing grease or liquid 
soap are good for coupling when used on smooth surfaces. For 
rougher surfaces, a thick petroleum jelly or Di-jel grease is much 
better. In the experiments silicon grease has been used as 
coupling material. While a reading is being taken the transducers 
must not be moved, otherwise this can generate a noise signal and 
errors in measurements. The transducers are held on the material 
until a consistent reading appears on the display.

3.3.4 System Description

The pundit generates an ultrasonic pulse in the transmitting
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transducer and measures the transmission time taken by the pulse to 
pass from the transmitter to the receiving transducer.

A simplified system diagram is shown in Figure 3,12:
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EHT and 
Pulse recurrence 
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Reference  

Delay
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Oscillator ~ I O t IO
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S T O P

Transit
Tim e
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TO A N ALO G UE  
A D D -O N  UNIT

FIGURE 3.12: System Diagram

The system can be conveniently divided into four parts

1. Pulse recurrence frequency generator
2. Set reference delay
3. Receiver amplifier
4. Timing pulse oscillator, gate and decade unit.
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3.4 PREPARATION OF (TENSILE) TEST SPECIMENS

For the stress and strain characteristics test specimens were needed 
in the. dimensions given on British Standard (BS 2782: Part 3: 1970. 
Method 301 L).

Three G.R.P. material types were tested in the 100 kN tensile 
Denison machine. These materials were WR 5 and 10 ply, CSM 3 and 
6 ply and CSM + WR (6 + 4) ply and (3 + 2) ply. CSM + WR mixture 
and CSM specimens were cut from the panels using a diamond saw. These 
panels are made by B.P. Chemicals Ltd Resin Branch.

The material characteristics of the panels are as shown in Appendix 
3.1.

The specimens cut from the panels were filed smooth in order to 
provide a good contact between specimen surface and the extensometer.

WR specimens for this test were already cut and stored in the 
laboratory.

3.5 PREPARATION OF ADHESIVE TEST SPECIMENS

Adhesive test specimens were obtained from the G.R.P. sheets held 
in the laboratory. The dimensions of the specimens are shown in 
Figure 3.13.

Three types of specimens were used. G.R.P. 5 and 10 ply, §" mild 
steel and 14 standard wire gauge aluminium sheet. All materials 
were cut to the dimensions given in Figure 3.13.

To centralize the specimen in the Denison 100 kN tensile machine, 
packing strips were used at each end. To prepare the test specimen 
for the adhesive, the surfaces must be smooth and free from grease 
and dust. Permabond E04 is the adhesive used for jointing the 
specimens together.
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Permabond E04 has a soft paste consistency which is easy to mix 
and spread. Permabond E04 is particularly suited to the bonding 
of G.R.P. and SMC sections providing a bond which is stronger 
than materials themselves. The properties of this adhesive can 
be seen in Appendix 3.3.

Permabond E04 is prepared by mixing equal amounts of resin and 
hardener on an aluminium plate. For best results the amounts of 
resin and hardener used must be measured very accurately. The 
adhesive was evenly applied to the overlapping surfaces of the 
specimens.

Ten pounds weiÿits were placed on top of the joints to provide a 
sli^t pressure for better contact and the specimens were kept 
like this for a period of 24 hours at an approximate tenperature 
of 24°C.

Due to the manufacturing techniques the texture of the G.R.P. 
specimen is rough on one side and smooth on the other. Testa 
were carried out for smooth to smooth, rough to rough and smooth 
to rough surfaced joints.

3.6 G.R.P. SHORT AND LONG PANELS

TVelve G.R.P. short (500 x 600 mm) and four long (500 x 1200 mm) 
panels for the floor section of a container were provided by 
B.P. Chemicals Ltd. Properties of the material used for short 
and long panels are given in Appendix 3.1 and Appendix 3.2 
respectively.

The section of the one corrugation and its dimensions as used for 
all the panels from the production by B.P. Chemicals Ltd is shown 
in Figure 3.14 and the actual S p e c i f d i m e n s i o n s  are shown 
in Figure 3.15.

The front view of panel 15 (short) and panel 19 (long) are shown 
in Figures 6. iT. and 6.1 3 The procedure and test results of these 
panels are discussed in Chapter 6.
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4.0 THE MECHANICAL PROPERTIES OF G.R.P. MATERIALS

The stress/strain characteristics of glass reinforced plastics 
materials (G.R.P.) are different to most metals and other 
materials. Short-term testing gives a linear stress/strain 
curve and there is no yield with failure occurring suddenly 
with negligible ductility.

C o m m o n  m e ta ls

F ib re g la s s
C o m p o s ite s

U n r e in fo r c e d  p la s tic s

S tra in

FIGURE 4.1: Stress/Strain relation for various materials

Fig. 4.1 shows the difference. Design using G.R.P. is usually 
carried out on the basis of ultimate strength using a safety 
factor, whereas with steel, for instance, design is usually based 
on yield strength with a factor of safety. (Ref. 29)

If we consider the following from a simple strength of materials 
viewpoint. If a unidirectional composite with straight fibres, 
as in Fig. 4.2 is subjected to a load P, then both the matrix

F ib res

-M a t r ix

t
I I I I I I
iJL AL

FIGURE 4.2: Conposite Material FIGURE 4.3:G.R.P. Material
loaded in tension
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and the fibres will strain to the same extent as in Figure 4.3 
(purely elastic).

Strain in the matrix = strain in the fibres

^m =

Now E = ^ m = ^f or
e Em E

Em

Where a = stress
E = Elastic modulus 

Suffix m = matrix 
Suffix f = fibre

It could be said that the stress in each material is determined by 
its modulus of elasticity. The higher modulus material will have 
a high stress put into it and the low modulus material will have 
only a low stress. Therefore to reinforce a low strength material 
it must be matched with a material which has a higher modulus of 
elasticity. The high modulus will inpart high stress into the 
stronger material and therefore reduce the stress in the weaker 
material. It is thus desirable to match the ratios. (Ref. 30)

Of
—  and —  as closely as possible
Ef E^

In practice this is often not critical. For instance if the 
fibres are considerably stronger than the matrix, say ten times 
stronger, then a mismatch in the properties, which under utilizes 
the strength of the matrix is in fact, only wasting a relatively 
small amount. Obviously this problem is also less significant 
in composites which have a large volume of fibres. If these two 
ratios are matched it is equivalent to the two values of strain 
to failure (e£ and e^) being matched.
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The strosm to failure of the matrix should preferably be equal 
to or exceed, the strain to failure of the fibres.

4.1 TENSILE MODULUS OF THE COMPOSITE

Considering again Figure 4.3, the load required to strain the 
composite is

P - Oc • Aq

Where = cross-sectional area of the composite and 
Oç. = stress in the composite (Ref. 30)

This load consists of the load carried by fibres ?£ and the load 
carried by matrix P^, thus

P = ?£ + Pm

Pf = Q£ 4

Rm “ % An

P ” CJ£ Af +

a = E _ &

 ̂A: “ ^f ̂  ̂ f ^  ̂  Am

f cross section area of fibre
cross section area of composite

which is known as the volume fraction of fibures (V^) 

Similarly
A cross section area of matrix . ,m _ ___ IS known as

cross section area of composite



41.

the matrix volume fraction fV„), thus

(1)
This is an example of a law of mixtures equation.
In this case, although not perfect, it predicts, to a generally 
acceptable level of accuracy, the composite modulus. It is, of 
course, simply the equation of the graph shown in Figure 4.4.

Vf % 1000
FIGURE 4.4 The composition of tensile modulus of GRP

COMPOSITE STRENGTH OF UNIAXIAL GRP MATERIAL

With suitable selection of fibre and matrix, a high percentage of 
the stress in a composite can be transferred to the fibres, even 
though they may represent only a low fraction of the total volume 
of material. To predict the actual strength of the composite is 
not easy. Assume that the composite is unidirectional and that 
there is perfect bond between fibres and matrix. The law of mixtures 
is a possible model of the strength of the composite. According to 
this law: [Ref. 32)
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(2)

where

= strength of the composite 

0£ = strength of the fibres

= strength of the matrix

This may be represented graphically as in Figure 4.5

1000
FIGURE 4.5: The composition of tensile strength of G.R.P.

However, this is shown to be a poor model if the stress/strain 
diagrams for the constituents are investigated.

If we consider Fig. 4.6 which shows the stress/strain curves for 
a fibre and a matrix, each of which obey Hookes law up to 
failure :

0£ = strain in fibres at failure

= stress in matrix when the fibres failmi
0£^ = stress in fibres when the matrix fails
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Fibre

Matrixml

£

FIGURE 4.6: Stress/Strain curve

It can be seen from this that the composite fails although the 
matrix is not carrying its maximum stress, for exanple, the fibres 
have a lower strain to failure than the matrixJ they fail at e£.
At that level of strain the matrix has only achieved a stress level of
"mi Fig. 4.7 shows another case, this time the matrix fails at a

F ib re s

M a t r ix

FIGURE 4.7: Stress/Strain Curve

lower level of strain than the fibres. Therefore, the Law of 
Mixtures equation could be modified by replacing af by Ef e and 
Om by Ej^£ so that the strength of composite is:

°c = EfeVf + E^eV,m
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Where e = strain to failure of matrix or the fibres whichever is 
lower. However, 'thH is only for fibre/matrices which obeys Hookes 
Law up to failure. Very often stress/strain diagrams as shown 
in Fig. 4.8 and Fig. 4.9 occur in practice. Because of the non 
linear behaviour of the matrix and/or fibre the equation for 
composite strength is modified to

^  A

F ib re s

M a t r ix

e

cr A

F ib re s
O Ï Ï

M a t r ix

e

FIGURE 4.8: Stress/strain curve FIGURE 4.9: Stress/strain curve

(if the fibres fail first) or 

(if the matrix fails first)

From this it can be seen that there are several ways of defining 
the strength of a composite.

They are:

1. At failure of the matrix
2. At failure of the fibres
3. At maximum load carrying capacity.

Under different circumstances each of these definitions and others 
may be valid. For instance, consider a unidirectional composite 
which has a stress/strain diagram for its constituents as in 
Figure 4.10.
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Fibres

m
60

Matrix
100Vf %0e

FIGURE 4.10: Stress/strain diagram FIGURE 4.11: Strength diagram 
for constituents

If the fibre content is very low then the strength of the composite 
is mainly attributable to that of matrix. When the strain level 
reaches the strain failure of the matrix it fails and the load is 
transferred to the fibres which because they are few in number, 
cannot support that load and immediately fail (catastrophic failure).

Oq = a.f / f  + in Vm

Again considering Fig. 4.11, if now the fibre is high then the 
failure of matrix is hardly noticed. The small load that it was 
carrying is transferred to the fibres but it is insignificant.

The composite continues to carry load up to the failure strain of 
the fibres (theoretically) and the strength of composite would then 
be:

°c = Of Vf

This is a much simplified situation because the matrix would no 
longer have transferred stress from fibre to fibre and therefore 
failure would have been initiated earlier.
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Fig. 4.11 shows how the composite strength varies with volume 
fraction for this situation. The crossover point of these two 
may be found from above equations.

thus

Vfx m
^m + ^f “ ^fi

(3)

Considering again a G.R.P. Conposite which has a very low fibre 
content but stress strain curve as shown in Figure 4.12:

v,%

F ib re s

M a t r ix
L in e  A

” [■ --
L in e  B

100V i c r it0

07

FIGURE 4.12: Stress/Strain curve FIGURE 4.13: Strength diagram

Failure occurs in the fibres at a level of strain well below the 
strain to failure of the matrix. However, because there is only a 
low volume of fibres present in the conposite the load carrying 
capacity is almost unaffected. The composite continues to cariy 
load up to the failure strain of matrix. In this case, because 
only a small quantity of fibres was present in the conposite, its 
strength was in fact reduced. The fibres were acting, after 
failure, as holes in the matrix and consequently giving a lower 
strength. Therefore up to a certain level, the addition of fibres 
reduces the strength of the composite. Considering again the stress/ 
strain diagram in Fig. 4.12, but this time assume that the fibre 
content is high. Again, the fibres will fail first but, because
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there is a large proportion of them and because of the high modulus 
they are carrying the major portion of the load. At their failure, 
that load is immediately transferred to the matrix which is incapable 
of carrying it and immediate failure occurs. There is, therefore, 
a critical value for the fibre content, below which the composite 
has a lower strength than the matrix alone. This is shown in 
Figure 4.13.

Line A represents the equation:

°c = + '’mi &

and is, of course, the sinple law of mixtures equation with the 
modified term for matrix stress, for example:

0^2 = stress in matrix at the failure of the fibres

Line B represents the equation:

°c = ° m \

and is true for that range of fibre contents where the addition of 
fibres detracts from strength of the matrix alone. Point C on the 
graph is knowi^^ . For example, the critical volume fraction 
below which the strength of the composite is less than that of the 
matrix.

Point D is the volume fraction for which the composite
strength is a minimum, min found by equating the two equations 
for Oq .

“m V  = + °mi V m  thus

Vf mm- (4)
°f * ■ °mi
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Similarly can be found by equating

°c = Of Vf + Vm 

where = (1 - Vf)

and 0^ =

°m = * fT ^  + *ml (1 -  V f) = Of V f + Omi "  Omi^^f = V f (o f -  o ^ )  +0^1

Vf = Vf  ̂ ^ ^  (5)
Of - Omi

4.2 THE EXPERIMENTAL PROPERTIES OF G.R.P. MATERIAL

In order to obtain the elastic modulus and stresses for GSM, WR and CK 
mixture of these two (GSM + WR) , Ĵ ke tensile strength tests were 
carried out.

The standard test specimen based on British Standard (BS 2782 Part 3 
1970 Method 301 L) recommendation is shown below in Figure 4.14 
and Table 4.1 [Ref. 33)

L
A

FIGURE 4.14: Tensile Strength Test
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Type Specimen
Thickness

mm

Length
L
mm

Grip 
Length 
A mm

A t > 12.7 255 57.1
B 12.7 < t < 19.0 381 63.5
C 19.0 < t < 25.4 508 114.3

D t > 25.4 635 114.3

TABLE 4.1: BS Recommendation for Specimen

A Denison testing machine of 100 kN capacity was used for tensile 
strength tests and this is shown in Figure 3.1 and 3.2.

The tensile test sanples were 3-10 mm thickness while British 
Standard recommends 12.7 mm. It was observed that lower thickness 
did not create any problem for the tensile strength machine. The 
length of the specimens and the grip lengths were varied between 
250-350 mm and 50-60 mm respectively. There was no significant 
change in the results.

When the sanples were cut by a diamond saw to fit the grip of the 
testing machine it was observed that the surface was not uniform 
thereby giving sanple of non-uniform thickness. When these 
sanples were fed into the machine for finding out the ratio of 
stress to strain, irregular graphs were obtained which had to be 
discarded. The reason was due to uneven surface. The stress 
could not be applied nor the strain could be detected of the 
whole surface area and in some cases the machine even slipped.

To overcome these problems the sanples were filed to give a 
regular even surface. The tests now carried out after filing 
showed^regular pattern of stress to strain.
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For statistical purposes more than 40 specimens were tested for 
each material. Hie tests were carried out at a controlled loading 
rate of 5,000 Ibf/minute. The tensile strength was calculated from 
the failure load and the original cross-section area. For the 
measurement of strain an extensometer and autorecorder which were 
fitted to the Denison machine were used. The autorecorder allows 
a continuous record of load against extension to be plotted during 
each test. A photograph of the extensometer and a typical test 
specimen are shown in Figure 3.3 and Figure 3.4 respectively.

Figure 4.15 shows the effect of stress on a specimen. For the 
measurement of static elastic modulus the following samples were 
tested in the 100 kN Denison testing machine.

1. CSM 3 ply
2. CSM 6 ply
3. WR 5 ply
4. WR 10 ply
5. CSM + WR (3 + 2) ply respectively
6 . CSM + WR (6 + 4) ply respectively

The thickness of each ply is approximately 1 mm.

To show the effect of a mixture as compared to an individual 
material Figure 4.16 and 4.17 of stress to strain were drawn 
on the same sheet. In these figures the ply numbers were kept as 
close as possible. The figures indicate that the elastic modulus 
of a conpound specimen lies in between the elastic modulus of WR 
and CSM. Moreover, it was observed that the slope of the graphs 
during both loading and unloading for the individual materials and 
the compound are almost parallel as shown in Figures 4.18 to 
4,23. The average values of the static elastic modulus for 
each material are as follows :

For CSM 3 ply Eg = 8,140 N/mm^
For CSM 6 ply Eg = 8,580 N/mm^
For CSM + WR (3 + 2) ply Eg = 10,800 N/mm^
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For CSM + WR (6 + 4) ply Eg = 11,260 N/mm^
For WR 5 ply Eg = 15,550 N/mm^
For WR 10 ply Eg = 15,920 N/mm^

The details of the static elastic modulus can be seen in Tables 
.4.2 to 4.7.

To find the failure stress the extensometer was removed from the
sample and the load was gradually increased until the failure of
specimen.

The average values of failure stress for each specimen are as 
follows :

For CSM 3 ply Of  = 72.68 N/mm^
For CSM 6 ply Of  = 80.17 N/mm*
For CSM + WR (3 + 2) ply af = 130.26 N/mm^
For CSM + WR (6 + 4) ply af = 140.21 N/mmZ
For WR 5 ply af = 179.76 N/mmZ
For WR 10 ply af = 190.67 N/mm^

The further detail of failure stress can also be seen in Tables
4.2. to 4.7.

Further details of these results are discussed in later sections.

4.3 THE ELASTIC MODULUS OF G.R.P. MATERIALS

By varying the reinforcement type and the glass/resin proportion, 
it is possible to manufacture G.R.P. laminates from the same 
constituent materials but having different mechanical properties. 
A quantitative estimate of a dependence of the stiffness of a 
G.R.P. laminate on the consituent material properties is given by 
the rule of mixture, in equation (1).

= E m V m  (1 )
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Eq denotes the effective Young’s modulus of the composite material 
and Ef, Ê  ̂the Young’s modulus of fibre and matrix, Vf, V̂  ̂are the 
volume fractions of fibre and matrix in the composite, a is the 
parameter which depends on the efficiency of the reinforcement.
If the composite is unidirectional continuous fibres then a = 1. 
When a = 1 Eq refers to the modulus in the fibre direction; the 
modulus in the transverse direction is much lower and is not 
obtainable from this mixture rule being close to that of the matrix 
alone. For woven roving reinforcement in which the fibres are 
equally distributed in two perpendicular directions then a = 0.5 
and Eq is the modulus in each of these directions. In a chopped 
strand mat reinforcement there is almost no preferred fibre 
orientation in the plane of the mat and a =0.3. Since Ef »  E^ 
the second term of equation (1 ) is dominant, thus the composite 
stiffness depends on the proportion of fibres oriented in a 
specific direction and the matrix stiffness has little influence.

If first the typical properties of these materials are considered,
the following modulus and volume fractions can be used. Elastic
modulus of fibre 75,000 N/mm^ and matrix or resin 3,000 N/mm^
(Ref. 29). The theoretical volume fraction of CSM laminate is
20%, woven roving laminate 35%, unidirectional fibre 50%.

\*>The experimental volume fraction for CSM/\18%, for
WR^35%, for CSM + WR.35% as described in section 3. Before using

ûÇthese values for calculation/the elastic modulus, a parameter 
must be known: a parameter is known for CSM and WR laminates, but
it is not known for the CSM + WR mixture material.

Let’s take CSM + WR (3 layers + 2 layers)

" “̂WR VfWR ^VR °CSM VfCSM ^CSM^ %  ^m

Where: a^, - efficiency parameter of WR and CSM
%R» ^CSM “ fraction of WR and CSM
VfWR’ VfcsM ” volume fraction of WR and CSM 
Ef, E^ - elastic modulus of fibre and matrix 

- volume fraction of matrixm
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U y e r  fraction of WR ' I “ °-^0

Layer fraction of CSM L ^ ^  = pf .layers = 1  = q .ôO
Total Layer 5

= Vf L + Vf L 
^CSM + WR WR CSM CSM

VfcSM + WR = 0.35 x 0.40 .0.18=0.25

Experimental volume fraction for CSM + WR Vf =0.22^CSM + WR
in section 3.

The elastic modulus of the mixture of CSM + WR can be calculated 
from the law of mixture. Both volume fraction, measured and 
predicted can be used.

(i) Vf from measured 22% Hence a measurement 
(ii) Vf predicted 25% a predict

"  \ r  ^ % R  SfR “cSM ^^CSM ^CSM 
aVf = 0.50 X 0.35 x 0.40 + 0.35 x 0.18 x 0.6
aVf = 0.1024 a =

The average of a parameter for CSM + WR mixture
“CSM “WR 0.30 + 0.50 „

“CSM + WR = — :-------  :------- 0-40 ''̂ ich

is very near to one which the volume fraction predicted.
When a = 0.41 E = 9236 N/mm^. When a = 0.46 E = 10,070 N/mm^
This is very close to the elastic modulus obtained from the test 
in Section 4.2.

The unidirectional continuous value is useful for comparison and 
is as:

Ec = E ^ V ^  + a E f V f  = 3000 x 0.50 + 1 x 75000 x 0.50 = 39,000 N/mm^
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Theoretical and experimental results of elastic modulus of G.R.P., 
volume fraction and a parameter are tabulated in Table 4.8 and
4.9.

No Reinforcement Ef
(kN/mm^)

Vf
%

a Sn
(kN/mm^)

Vm
%

Ec
(kN/mm^)

Stiffness
Ratio

1 CSM 75.0 20 0.30 3.0 80 6.9 2.3
2 WR 75.0 35 0.50 3.0 65 15.0 5.0
3 CSM + WR 75.0 25" 0.41 3.0 75 9.2 3.0
4 Unidirectional 75.0 50 1.00 3.0 50 39.0 13

* Predicted volume fraction

TABLE 4 .8 : G.R.P. Theoretical Value of E, a, V

No Re Enforcement Ef
(kN/mm^)

Vf
%

a
(kN/mm^)

Vm
%

Ec
(kN/mm^)

Stiffness
Ratio

1 CSM 75.0 18 0.30 3.0 82 8 .1-8 .5 2.7
2 WR 75.0 35 0.50 3.0 65 15.5-15.9 5.2
3 CSM + WR 75.0 2 2* 0.46 3.0 78 10.7 3.5
4 Unidirectional 75.0 — — 3.0

* Measured volume fraction

TABLE 4.9: G.R.P. Experimental Value of E, a, V

The stiffness of resin which is 3000 N/mm^ has therefore been 
increased for each material by a factors as in Tables 4.8 and
4.9.
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Greater enhancement may be obtained on increasing the fibre content.

These calculations are illustrated in Figure 4.24 giving Young's 
modulus data for the four reinforcement type. In practice the 
weight fraction of reinforcement is easier to determine than the 
volume fraction and the figure shows envelopes of tensile Young's 
modulus plotted against the percentage of glass by weight. It is 
seen that each reinforcement type is associated with a particular 
range of glass weight fractions, thus the quantity of resin which 
may be combined with a given glass reinforcement is not completely 
arbitrary. This arises because there is a minimum quantity of 
resin which is sufficient to wet out all the glass and alternatively 
the excess resin will flow off in normal laying procedure. Thus 
the main influence on G.R.P. laminate stiffness is the type of 
reinforcement and for a given type there is less significant 
variation with resin/glass ratio. The property envelopes shown 
in Figure 4.24 refer to G.R.P. material manufactured from a wide 
range of resins and fibre reinforcements by several fabrication 
methods.

Figure 4.24 indicates that the value of Young's modulus for CSM 
polyester laminate lies between 4.5-10.0 kN/mm^. Typical Young's 
modulus data for WR laminates are between 10-25 kN/mm^, the range 
for CSM + WR mixture lies between 8.0-14.0 kN/mm^. The range for 
a unidirectional glass/polyester is 30-55 kN/mm^ which naturally 
has the highest stiffness of the glass reinforced plastics, but 
only in one direction.

In the reported tests the third material used is a mixture of 
CSM and WR. The combination of the laminates is of two types.
One of the combinations is 3 ply CSM and 2 ply WR, total 5 ply. 
Another combination is 6 ply CSM and 4 ply WR, total 10 ply.
Ihe average value of Young's modulus of these two is approximately 
11 kN/mm^, whereas CSM is 8.3 kN/mm^ for WR 15.7 kN/mm^.

These results were obtained from the experiment and shown in 
Section 4.2.
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As a rough comparison WR modulus values are approximately twice 
the CSM values and also one and a half times higher than CSM + WR 
mixture. can be seen from Figure 4,25 that CSM + WR
elastic modulus is also approximately one and a half times bigger 
than CSM itself. Elastic modulus of unidirectional fibre laminates 

is six times higher than the value of CSM.

It should be noted that woven rovings and unidirectional fibre are 
not uniformly two and six times as stiff as a chopped strand mat, 
because of the unisotropy of their stiffness properties.

By comparison the value of tensile Young's modulus for mild steel 
is about 210 kN/mm^ and for aluminium which is 70 kN/mm^ showing 
that all the G.R.P. materials have a low modulus. However steel 
is about five times and aluminium two times the density of G.R.P., 
thus the stiffness per unit weight of unidirectional G.R.P. 
material conpares favourably with steel but WR and CSM are at a 
disadvantage. The comparison with experimental results is included 
in paragraph 4.9.

4.4 THE TENSILE STRENGTH PROPERTIES

The tensile strength properties of reinforced plastics are
directly determined by proportion of glass fibre aligned in the 
loading direction. Thus tensile strength data on G.R.P. laminates 
with different types and proportions of glass reinforcement are 
broadly consistent with a simple rule of mixture, Wiich may be 
expressed as:

°c = “ ''f-Vf (1)

Here, is the tensile strength of composite af that of the
fibre, a^ the tensile stress in the resin at the fibre failure
strain and Vf, V^ are the volume fractions of fibres and matrix 
respectively.

The reinforcement efficiency factor is a, thus when a = 1
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equation 1 refers to the strength of an aligned fibre composite 
in the fibre direction, g = 0.5 might be appropriate for the 
strength of a WR laminate in the warp and weft direction and 
a = 0.3 for CSM laminate and finally a = 0.41 to 0.46 for CSM + WR 
mixture as predicted and measured values respectively.

When 0^1 = 30 N/mm^, a f  = 1000 N/mm^ and the value of Vf =0.2 for 
CSM, Vf = 0.35 for WR laminate, Vf = 0.25 for CSM + WR mixture 
Vf = 0.5 for unidirectional fibres (Ref. 29) are taken, the 
following theoretical and experimental tensile strength for four 
reinforcement types can be shown in Table 4.10:

Theoretical Experimental

No Reinforcement Strength
(N/mm^)

Strength
Ratio

Strength
(N/mmî )

Strength
Ratio

1 CSM 79 2.6 72 2.4

2 CSM + WR 139 4.6 140 4.6

3 WR 194 6.4 190 6.3

4 Unidirectional 515 17.0 - -

TABLE 4.10: The Strength of G.R.P. materials

The modulus of a fibre reinforced material defines an average 
property of a volume of material containing a large number of
fibres. However the strength of such a material is related to the
mechanics of individual fibre/matrix interaction. For example, a 
composite material containing a bundle of weak fibres which 
fracture at a low stress level can cause a crack to propagate
leading to the component failure at a low stress. It follows that
a rule of mixtures which is based on composite average properties
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will not be as reliable for strength prediction as it is for 
modulus prediction.

Nevertheless, it is a useful concept in a rough quantitative 
discussion of strength properties for different G.R.P. materials. 
Because strength is related to the actual failure mechanism in 
the material, it follows that there is also a high scatter in 
strength data for these materials, particularly when using a 
small sample or test specimen of an unrepresentative size.

The G.R.P. strength properties given above are illustrated in 
Figure 4. 27 for the three main types of reinforcement obtained 
from short-term loading tests. The Figure shows ultimate tensile 
stress (U.T.S.) values in the range. [Ref. 34)

60-110 N/mm^ for CSM laminates
110-150 N/mm^ for CSM + WR laminates
170-230 N/mm^ for WR laminates
Greater than 515 N/mm^ for unidirectional glass composite 
which is not included in these tests. '

The tensile strength of aluminium varies ; 160 N/mm^ for pure
aluminium ip to 420 N/mm^ for aircraft alloys. ■ Also the tensile
strength of steel varies ; 400 N/mm^ for mild steel, up to 1250
N/mm^ for alloys. Thus the tensile strength of CSM and WR
laminates are comparable with aluminium and that of unidirectional
composite loaded along the fibres with steel. Alloys of aluminium
and steel have appreciably higher tensile strength values compared
with G.R.P., pure aluminium and mild steel.

4.5 LONG TERM PROPERTIES

4.5.1 The effect of Creep

The stiffness and the strength data described above were obtained 
on G.R.P. materials loaded to failure in a time-scale of a few 
minutes. These properties are appropriate for the design of G.R.P. 
components which are subjected to low stress levels but may be
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required to withstand a sudden increase in load of short duration, 
for example a cladding panel which is designed to withstand gusts 
of wind or ship which meets severe waves of short duration. There 
are also many applications, and potential applications, where G.R.P, 
components must operate under long-term loads involving high load 
stresses and where the short-term properties will need to be 
relevant for mechanical design. (Ref. 35)

Creep deformations are largely permanent although a small plastic 
recovery may occur over a period of time at low stress. In general 
the effect of creep is to increase the strain giving an apparent 
reduction in stiffness but very little reduction in strength.

In a large structure such as a ship, or where G.R.P. must be 
attached to metal structures, such as for aircraft Radomes and 
Aerial panels, it is essential to attach with bolts through the 
laminate. In such cases creep will cause a gradual reduction in 
the pretension in the bolts over a period of time. As this 
deformation is transverse to the fibres the creep is predominantly 
due to resin creep. This problem can often be reduced by bonding 
metal strips between plys in the joint region.

4.5.2 Fatigue Properties

The fatigue properties of G.R.P. are generally outside the scope 
of this report. Fatigue is the failure of a component subjected 
to repeated loads at levels below the short-term ultimate strength 
of the material. Fatigue failures occur in most engineering 
materials and has been extensively studied in metals but to a 
lesser extent in reinforced plastics. Although the mechanisms of 
failure in G.R.P. and metals are different, a phenomenoIgical 
description of fatigue effects, test and design methods for the 
two classes of material are similar. Thus the established 
terminology and nomenclature for describing metallic fatigue as 
given in BS 3518 (Ref. 36) may be applied to fatigue of G.R.P.

The fatigue strength reduces with increasing cycles to failure in
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mudi the same manner as for metals, i.e. S-N curve is of similar 
shape.

Fatigue tests can be made on conventional machines but alternating 
stress level and frequency have to be limited to avoid temperature 
rise in the specimen.

However, it is important to understand the progressive nature of 
fatigue damage in G.R.P. materials since established practices 
for metals are not necessarily applicable, despite the use of 
common terminology.

In a fatigue test, specimens are subjected to periodic stresses
(usually sinusoidal with constant frequency) of constant amplitude
a about a static mean stress a , which is frequently zero. The a m' ^ /
fatigue data are usually presented on S-N curves or constant life 
diagrams.

Figure 4.29 shows an S-N curve the dynamic stress amplitude 
plotted against log^^ n for a fixed value of mean stress 
on this curve the value is termed the fatigue strength and
n the fatigue life or endurance.
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Tlie fatigue limit is the limiting value of below which the 
material may endure an infinite number of cycles. The influence 
of mean stress is more easily seen on a constant life diagram 
(Figure 4.30) which shows as a function of for fixed number
of cycles to failure n.
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FIGURE 4.30: Master diagram for G.R.P.
1.2 Hz 20°C (Ref. 37)

Both these methods of data presentation provide design information 
directly although they are only relevant to the mode of 
deformation tested.

During a fatigue test to failure an initially translucent G.R.P. 
specimen gradually becomes opaque. When the opacity first occurs 
it does so only when the specimen is stressed, but after further 
stress cycles it becomes progressively permanent and more intense. 
At final separation of mat laminates in axial loading, the 
fracture surface is normal to the loading direction and fibrous 
in appearance, the resin matrix often being reduced to a white 
powder. Microscopic studies show that the initial (non-permanent) 
opacity is caused by debonding of fibres transverse to the load 
direction, which later causes resin cracks and permanent opacity
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in the specimen. As more and more load is transferred from the 
cracked resin to the fibres, they fracture and ultimate failure 
takes place.

A feature of fatigue tests is that fatigue lives are given in 
terms of the number of cycles to failure and they are assumed to 
be independent of cycle frequency. This is true in the case of 
fatigue in metals up to frequencies 1 kHz. Such high frequencies 
may not be used for G.R.P. materials whose higher dajiping 
properties would cause the specimen to heat up and thus change 
the failure mechanism. Heating is avoided by low frequencies 
testing below 10 Hz, although in flexural tests, or at low stress 
levels in axial loading, frequencies qp to 100 Hz may be used 
without significant heating. As a consequence of the lower test 
frequencies, fatigue tests on G.R.P. are usually restricted to 
1 0  ̂or 1 0  ̂cycles.

4.6 STRESS/STRAIN BEHAVIOUR

4.6.1 Tensile Stress/Strain Curve

When subjected to short-term tensile loads CSM reinforced polyester 
materials are approximately elastic u p  to their ultimate failure 
strain, which is in the range 1.5-2.5% strain. Failure occurs 
usually by brittle fracture with the ultimate tensile strength 
(UTS) of the material defined as the stress sustained in the 
specimen at the moment of rupture, measured as a force per unit 
of initial area. Figure 4131 shows a typical stress/strain 
curve for a CSM/po lyes ter laminate in a short-term tensile test 
to failure. The test was made in the 100 kN Denison testing 
machine. The material is a general purpose polyester resin with 
30% glass content by weight and is linearly elastic for small strains 
up to a point, the proportional limit, when the slope of the curve 
changes to a lower value. At higher values of strain, the stress/ 
strain curve is again linear but with a reduced elastic modulus 
(the slope of the curve). For some materials, the transition
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between the two linear portions of the curve is seen as a pronounced 
’knee’. Here there is a wider transition region which for 
convenience shall be referred to as the knee. When loaded above 
the knee, the material becomes permanently damaged and on subsequent 
unloading it does not recover elastically but exhibits some 
permanent strain. On reloading the behaviour is again elastic, but 
with the reduced modulus.

150

Ultimate Failure
“100

U)M
Q )

Proportional
Limit0)

r-4 Resin Cracking•HU)cOJEh

Debonding

2.01.51.00.5
Tensile Strain

FIGURE 4.31: Tensile Stress/Strain curve for CSM/polyester laminate
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In order to discuss possible failure criteria for a CSM laminate, 
it is desirable to understand the progressive nature of the 
damage in the CSM/polyester material under tensile loading is 
transverse fibre debonding, that is separation takes place between 
fibre and resin for these fibres which are perpendicular to the - 
loading direction. (Ref. 38) This typically occurs at about 
0.3% strain and at a stress level of about 30% UTS. Under 
increased loading these debonds initiate resin cracks which in 
turn cause debonding of fibres parallel to the load direction. As 
the resin cracks spread, more of the load is taken by the fibres 
which eventually fracture or pull out at ultimate failure. Resin 
cracking and crazing occurs perpendicular to the line of loading, 
at approximately 60-80% UTS. During resin and gel coat cracking 
audible cracking sounds are often emitted by the material. The 
formation of microcracks may be studied by acoustic emission 
techniques; these methods are used by the University Materials 
Science School. This involves the application of a transducer to 
the surface of the material under load which detects stress waves 
emitted by individual microscopic events such as fibre debonding, 
crack extension and fibre fracture. When a tensile test is 
monitored in this way no emissions occur until about 0 .2 % strain.
There is then a steady emission count until shortly before ultimate 
failure when the rate increases dramatically. This suggests that 
there is some damage in the composite at strains below 0.3% Wien 
the first transverse fibre debonding is observed and damage 
increases steadily until ultimate failure.

The onset of fibre debonding and resin cracking results in a 
slight loss in laminate stiffiiess as indicated in the knee region 
of the stress/strain curve. Depending on resin used, the proportional 
limit on the stress/strain curve may show the stress and strain at 
which transverse fibre debonding is taking place or when the more 
serious resin cracks are developing. Thus the proportional limit 
defines the strain at which some permanent damage occurs in the 
material.
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4,6.2 Failure Criteria

From this discussion, the failure criterion adopted by the designer 
will depend on the application under consideration. The strength 
is inportant since it measures the ultimate load carrying capacity 
of the material. It is clearly defined in a test, and strength 
data are available for most G.R.P. materials which are given in 
Section 3.2. Because these materials are essentially elastic to 
failure, they lack the ductility of metal which relieves stress 
concentrations. Thus if ultimate strength is used as a design 
stress, designers must be careful to allow for possible stress 
concentrators. Alternative failure criteria to the ultimate 
strength could be the laminate stress or strain at fibre debonding, 
resin cracking or gel coat cracking. (Ref. 39-40)
(M. J. Owen progress towards a safe life design method for 
G.R.P. under fatigue load. B.P.F. reinforced plastics Congress 
Brighton 1976). (P. E. Ball and J. A. Raymond The Materials/
Design interface in reinforced plastics. P.I. Conference,
Cranfield, January 1973.) Fibre debonding is an iirportant failure 
criteria for some electrical applications and has also been adopted 
as defining a limiting strain in the British Standard for G.R.P. 
pressure vessels and pipes. Here the allowable strain is 0.2% 
which is below the level at which debonding occurs in short-term 
tensile loading. The lowest stress at which the short term 
mechanical properties of an unprotected GSM laminate are expected 
to be reduced is the proportional limit stress. This may be 
higher than the transverse fibre debonding stress, and depending 
on the resin toughness, probably indicates the onset of resin 
cracking. It should therefore be suitable for applications which 
require good water immersion, weathering and translucency properties 
This could indicate a failure strain in the 0.3-0.8 % strain range. 
For laminates not exposed to aggressive environments, but where 
appearance is of major inportance, the gel coat failure stress 
(defined as the stress in the laminate at gel coat failure) would 
probably be adequate as a failure criterion.

The secondary failure criterion is related to the micromechanics



66.

of failure in the material. They are not clearly defined nor is 
the corresponding failure stress data generally available for 
G.R.P. materials. What is required is the definition of a 
suitable failure criterion for G.R.P. materials from the stress/ 
strain curve. The proportional limit stress is one possible 
failure stress, but is probably too low for short-term loading.
A more practical approach (Ref. 39) would be to define 
something equivalent to the proof stress in metals, showing the 
stress at vhich the stress/strain curve has diverged from linearity 
by an agreed amount. Whereas for metals the proof stress is 
related to yield, the failure stress here would indicate the 
degree of internal damage which was considered to be acceptable.

An alternative approach is the definition of a failure criterion 
in terms of allowable strains, rather than stresses. This may be 
less conplicated and is being recommended for reinforced 
plastics.

An advantage of this method is that fibre debonding and resin 
cracking often occur at similar strain levels for a range of 
different reinforcement types and modes of deformation. Furthermore 
the distinction between material and laminate properties need not 
be made. A disadvantage is that there is a tendency to set a 
universal allowable strain value which may be too low for some 
classes of material, leading to overdesign. In fact by changing 
the resin flexibility, different strain properties are possible 
in a G.R.P. laminate. The elongation at break, or strain to 
failure, of a GSM polyester laminate is usually in the range 
1-2.5% and this variation is due to differences in resin flexibility. 
Polyester resin can be manufactured with an elongation of u p  to 
40%, althou^ typical values for a structural resin are 2-4%. Thus 
failure strain criteria are only relevant for conparing the properties 
of laminates fabricated from resins with similar elongation. At 
present the selection of resin elongation for particular G.R.P. 
laminate properties is still a subject of research by the resin 
conpanies. In particular there is a need to know if correct matching
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of resin and fibre elongation properties would lead to damage 
conditions such as resin cracking occurring at higher stress and 
strain levels.

This description of failure processes in CSM reinforced polyester 
laminates applies only to tensile behaviour. For compressive 
and shear loading, the mechanics of failure have not been 
studied in such detail. The stress/strain curve in compression 
is found to be linearly elastic to ultimate failure, which is 
invariably at a higher stress than the UTS.

There is no evidence of extensive resin cracking before fracture 
and the acoustic emissions remain at a low level.

It should be noted that G.R.P. laminates loaded in compression 
often fail by local fibre buckling before the ultimate conpressive 
stress is reached. It is therefore necessary for the designer 
to consider this additionally.

4. 7 STATISTICAL APPROACH TO MATERIAL TESTING
4The inportance of a statistical approach to the testingAplastics 

has been pointed out by Orgorkiewicz and Sayi^ (Ref. .41).
This is of particular relevance in the case of G.R.P., in view of 
the relatively h i ^  values of coefficient of variation for the 
material. An important aspect of G.R.P. laminate properties is 
their statistical nature. The observed scatter in test data^^due 
in part to fabrication variables (fibre alignment, glass content, 
percentage of voids, etc.) and also due to variation in 
constituent properties and deficiencies in test methods.

The results from the large nunher of tests conducted during the 
course of the present work make them suitable for statistical 
analysis and the normal distribution methods were used. The 
normal distribution plays a fundamental role in all of engineering 
statistics. A purpose of this section is to discuss the results
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which were obtained from the tests.

A random variable x is said to have the normal distribution 
N (y, if its probability density function is

F (x) =
/ 2  TT

Exp - -  (X - (1)

where y and a are constants which are the mean and standard deviation 
of X respectively.

We note that F (x) > 0 for - «° < x < + ».

The probability density function F (x) of the normal distribution 
N (y, given by (i) has its mean y and standard deviation a  
built in as parameters.

With the use of usual differentiation procedure it can be seen that F (x) 
has its maximum for x = y and its inflection points for x = y ± a. 
Examination of second derivative of F (x) s hows that the graph of 
F (x) is concave downward i f y - a < x < y  + a and concave upward 
otherwise. The graph of tiie probability density function F (x) given 
by (1) is shown in Figure 4.32 belav:

- a

i I

FIGURE 4.32: The normal probability density function
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The normal statistical distributions of elastic modulus and failure 
stress for the various G.R.P. material are shown in Figures 4.33 
to 4.50.

It will be seen from the figure that more than 6 8 % of the specimens 
fall into the range between y ± a and similarly it is true that the 
rest of them also agree with the requirements of the normal 
distribution, i.e. 95% between ±  2 a  and 99.7% between ± 3a.

A conputer programme for the normal distribution is shown in 
Appendix 4.7.1.

4 .8 FREQUENCY DISTRIBUTION

The most common type of graph for a groiped frequency distribution 
is the histogram. Figures 4.51 to 4,68 shav the frequency 
distribution for three G.R.P. materials for static and dynamic 
elastic modulus ^ d  failure stress. Tables 4.2 ' to 4.7 and 
Tables 4. 1 1 to 4,16 show the test results of dynamic elastic 
modulus of Chopped Strand Mat, Woven Roving and the mixture for 
different combinations of ply of G.R.P. material.

In the Figures -4.51 to 4.68 the horizontal width of each rectangle 
in a histogram is one class interval. The vertical height of each 
rectangle in a histogram is the same as the frequency in the class 
interval on which the rectangle stands.

Consequently, the area of each rectangle in a histogram may be 
considered to be proportional to the frequency in the class interval 
on vhich the rectangle stands. It follows from this that the area 
of all the rectangles combined is proportional to the total frequency 
in the distribution.

A simple formula to obtain an estimate of the appropriate size 
interval is:

H - L
* ■ — ^  (Re£. 42)
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Where:

A = The size of the class interval 
H = The value of the hipest item 
L = The value of the lowest item 
K = The number of classes

A conputer programmé for the frequency distribution is shown in 
Appendix 4.8.1.

4.9 DISCUSSION OF THE PROPERTIES OF G.R.P.

Using the experimental methods of Chapter 3 a large number of G.R.P. 
specimens were tested to measure the failure stress and elastic 
modulus. As described in the earlier sections of this chapter G.R.P. 
is such a variable material that it is essential to use statistical 
methods to understand the safe values that should be used for design 
purposes. Tables 4.2 to 4.7 record the results from the tensile 
tests on over 40 specimens of each of the available glass forms.

A computer was used to analyse all of these results and the 
statistical distributions for static elastic modulus are plotted on 
Figures 4.33 to 4.38. The even distribution is clearly seen and the 
mean modulus y and the standard deviation a is quoted for each group.
In a similar manner the dynamic modulus is tabulated (4.11 to 4.16) 
and plotted on Figures 4.39 to 4.44. The tensile strength 
distributions are given on Figures 4.45 to 4.50 along with the mean 
and standard deviations.

The results of all these material tests are summarized as mean and 
standard deviation values in Table 4.17 and displayed graphically in 
Figure 4.25 to 4.28. It is immediately clear that the static elastic 
modulus is about 70% of the dynamic elastic modulus (Table 4.17).
The difference is possibly due to the extremely small strains used 
in the dynamic test and may be the limit case at zero strain with 
E gradually decreasing as strain increases. In structural applications 
the static modulus is relevant as can be seen from the results of
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Chapter 6 .

The static modulus results compare very well with the calculated 
values of Table 4.9 which shows the inportance. of the glass fibre 
form and volume fraction. The standard deviation is consistently 
low varying from 3 to 61 of the E value.

The failure stresses of Table 4.17 show good quality strength 
values which compare closely with the results of Table 4.10. The 
standard deviation on failure stress shows considerable scatter 
within the table. The worst value of 18 N/mm^ which is 14%^shows 
what can happen as there is no particular reason why this should be 
worse than the other values. It is most likely that other glass 
forms giving less than 3% variance is typical of laboratory 
specimens and not of production involving more conplex shapes.
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5.0 PROPERTIES OF ADHESIVE JOINTS FOR G.R.P. COMPONENTS

5.1 INTRODUCTION

An original aspect of this work was the possibility of designing a 
G.R.P. shipping container. If the container is to be made from
G.R.P. it would seem correct to use adhesive bonding, with some
bolts, as the primary jointing method between G.R.P. conponents. 
There are large joints between the floor and the side raves of
G.R.P. and also side members to the G.R.P. faced plywood sides,
also to the steel comer posts. Bolts can be used but they are 
less effective than in steel conponents and it can be hoped that 
the result is better sealed against water and also of lower cost. 
B.P. Chemicals suggested Permabond adhesive and a particular 
product E.0.4 has been chosen in the first place; both Permabond 
and other firms have alternatives and new ones are always being 
formulated, although E.0.4 has the advantage of appropriate 
service use over five years. There are numerous requirements to 
be met of which a long life in the operating environment is 
essential. Good gap filling properties and easy application are 
important to ease manufacture. These properties allow reasonably 
rough surfaces with minimum of pressure and room temperature 
conditions for application.

5.2 THE TESTS ON E.0.4 ADHESIVE

Permabond Ltd supplied sample tins of the two part mix adhesive, and 
a first series of 2 0 joints were made between 2 inch wide strips of 
G.R.P., steel and Clasonit, the latter being a G.R.P. faced plyifood 
which is extensively used in shipping containers.

Although the two parts were weighed it was found difficult to obtain 
true equal weight or volume with such a small quantity and as the 
first mix gave a setting time of some 14 days this proved that the 
mix was appreciable. The shear tests were made on specimens as 
described in Chapter 3.6 and the results given in Table 5.1 under
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’first mix’ give poor shear strength. Using a larger quantity of 
adhesive the second mix was more successful although it is appreciated 
that commercially available mixing machines should be used in real 
circumstances. The application of the adhesive was straightforward 
and the 21 joints were completed inside half an hour. After initial 
hand pressure a 3 lb weight was left on each joint for five hours. 
Spare adhesive hardened in about 1 hour and at this point the joints 
could be safely handled.

The dimensions of the test specimens are shown in Figure 3.13 and 
it was found that adequate surface preparation for the joint was 
obtained by rubbing with emery cloth followed by cleaning with carbon 
tetrachloride.

The joints were shear tested in the Denison tension machine after 
four days of curing at room temperature. The results are given in 
Table 5.1 and should be conpared with a usually expected strength from 
a 5” lap joint of 14 N/mm^ (2,000 Ib/in^) and with Permabond’s own 
data at 16 N/mm^ for steel joints. The first mix gave a very low 
shear strength with little change in failure shear stress with lap 
length. This inplies that the adhesive was very flexible and still 
partially cured. The second mix gave an improvement in strength and 
the failures were quite sudden by shear within the adhesive, typical 
examples are shown on Figures SJ to 5.5. The characteristic 
reduction in shear stress is shown and also the variation in 
adherends is of little importance as the failure was within the 
adhesive thickness.

Examination of the joints after failure showed that the adhesive 
had not covered the full area and voids had been included. The 
actual or true area was therefore estimated leading to the upper 
graph of Figure 5.1. These results are quite reasonable and the 
steel/steel joint is quite good.

With the above tests regarded as development of relevant techniques 
a second series of specimens were made and tested. The tests 
included 5 and 10 ply woven roving G.R.P., aluminium and steel
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specimens with around 15 specimens in each case. Five different 
overlap lengths were tested in each case and the mean values of 
the failure shear stresses for each specimen type are summarized 
in Table 5.2. The scatter within each group was quite low and the 
standard deviation is given in the Table 5.2. There is no real 
significance in this scatter as variation between machine mixed 
batches is more relevant to real circumstances.

The second series of results given in Table 5.2 are plotted on
Figures 5.6 to 5.9. Both the shear stress on total area and the 
stress on the actual true area are given and in general these are 
reasonably close in this test series, the actual area stresses are 
therefore considered. The graphs show that fully satisfactory results 
were obtained in that the desired 14 N/mm^ was obtained on the short 
overlap joints. The aluminium and steel joints achieved a shear stress 
of 22 N/mm^ which is a useful strength for the design of structures.
The figures show that the allowable shear stress decreases quite 
rapidly with the length of overlap which is expected and will be 
considered in theoretical section later in this chapter. The actual 
area stresses are shown for conparison in Figure 5.10 and these show 
that the stiffness of the adherend has an effect on shear strength.

5.3 THE FACTORS OF ADHESIVE JOINTS

The choice of an adhesive for bonding any two engineering materials 
must take a number of factors into account. The first consideration is 
that the adhesive must be suitable for use with both the materials to
be bonded whereas an epoxy could be employed to bond nylon to metal, it
would not be recommended for bonding polyethylene to metal. Having 
decided which types of adhesive would be compatible with the materials 
to be joined, the requirements of the bond in service must be considered. 
In structural applications the type of magnitude of the stress will play 
a large part in the type of adhesive finally selected; the bond may be 
stressed in tension, shear or the stress may be continuous or it may 
be vibratory or otherwise fatigue inducing.

At elevated temperatures all adhesives lose some of their strength, and 
so it is necessary to select an adhesive that will retain the required
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strength at the service temperature. Some adhesives can be used 
intermittently at temperatures far exceeding the temperature at 
which they could be used continuously. Another important service 
requirement is the ability of the adhesive to resist attack from 
moisture, oil, petrol and various chemicals that it will come in 
continual contact with during service.

Many other factors have to be considered in the choice of the best 
adhesive for a particular application, such as the form of the adhesive, 
the method of applying it, the temperature & pressure required in its 
application, the drying time & curing temperature & thé cost of the 
process compared with other methods of bonding, including the cost of 
the equipment involved, the labour requirements & the amount of 
rejected material compared with other joining methods (Ref. 43).

5.4 ASPECTS OF THE ADHESIVE BONDING PROCESS

Adhesive bonding frequently produces joints which are more reliable in 
service and more economical than those made with conventional fasteners. 
However, optimum results are achieved only by careful attention to each 
of the following basic stages in the bonding stages:

(a) Joint Design:
Considerable care must be taken in determining the design of the 
joint between bonded components; a common error is to ignore all 
considerations of adhesive selection until after this step has 
been taken. In consequence, the design may be unsuitable for 
bonding either because the components are unable to withstand 
processing or because tolerances prevent adhesive penetration 
and joint foimation. The determination of joint stresses, type, 
size and strength requirements will indicate the preferred 
adhesive materials.

(b) Adhesive Selection:
Performance requirements for the bonded assembly need consideration 
and trials with feasible materials should be undertaken to confirm 
the suitability of joint design and adhesive type.
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(c) Surface preparation:
Suitable pre-treatments for component parts must be considered 
carefully as it is explained in Section 3.

(d) Assembly fabrication:
This involves adhesive applications and the final setting of 
the bond under controlled process conditions.

(e) Process control:
Test procedures must be established for specimen joints to 
ensure the reliability and performance of the bond. C^^f. 44)

5.5 BONDING TECHNIQUES

The method of applying the adhesive material to the adherents, 
following surface preparation requires careful consideration where 
optimum joint performance is required. Inadequate joints are often 
the result of application techniques being improperly carried out. 
Suitable methods distribute the adhesive as a uniform film of the 
correct thickness and this requirement is satisfied by a number of 
processes. In the case of film adhesives, the form limits the 
application method to placement of the film between the joint parts. 
For liquid adhesives, comimonly used application methods include the 
following:

Brushing:
This technique is not usually suitable for rapid production work 
since control of adhesive film thickness is limited and films are 
generally uneven and contain blobs. Stiff brushes provide the best 
coating.

Flowing:
Pressure guns are available for solvent adhesives or hot-melt types 
viiich extrude the adhesive on to the bonding area. The technique 
is suitable for fast assembly work and gives superior control 
compared with brushing methods of application. For hot-melt 
application, the guns are generally provided with suitably shaped
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nozzles to control dispensation.

Roll Coating:
This technique is invariably used where lamination work is concerned. 
The adhesive is transferred from a trough by means of a pick-up 
roller partially immersed in it. The sheets are continuously coated 
when fed through a transfer and pressure roller system, "which may 
be adjusted to control coating thickness. This method is particularly 
suited to large area sheets and provides the fastest method for 
production purposes.

Spraying:
Low viscosity solvent adhesives can be spray coated with equipment 
of the type used for paint spraying. The technique ensures better 
coating uniformity than is obtainable with brushing or flowing 
methods. Care must be taken to provide adequate vapour extraction 
and ventilation to avoid the health hazard arising from solvent 
mists.

Associated with the application method is the preparation of the 
adhesive before usage.

Solvent loss adhesives are generally ready for immediate use. 
Multicomponent chemical curing types usually need to be pre-mixed 
in definite proportions so that this constitutes an additional 
process on a production line. Two part resin systems may be mixed 
manually or by equipment which meters appropriate quantities of 
constituents and mixes these prior to dispensing. Mechanical mixing 
is mandatory where large volumes of adhesive are involved since 
many curing reactions are exothermic. Heat generated by mixing 
shortens the pot life, and in general the usuable life of a mixture 
is a few hours. The use of shallow dishes for mixing and low 
temperatures overcomes this limitation to some extent by minimizing 
the effects of developed heat. For higji-volume production processes 
a wide range of expensive equipment, which is capable of automatic 
metering, mixing and application to suit specific requirements is 
available.
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Mechanized feeding techniques have been developed to provide an 
accurate quantity of an adhesive to a selected area at the required 
time. (Ref. 45)

5.6 BONDING METHODS

Several methods, which may be modified to suit particular 
production needs, exist for assembling bonded joints. Stages which 
are common to all methods include the following:

1. Liquefaction of the adhesive during processing to ensure 
wetting of surfaces and promote contact,

2. Removal of unwanted adhesive components such as solvents and 
water.

3. Application of pressure to joints during cure to maintain the 
integrity of the assembly.

The setting or curing of an adhesive,achieved by solvent loss, 
chemical reaction or freezing, is the process by which it solidifies. 
With the solvent types of adhesive, bond formation mainly involves 
the loss of volatiles. With non-porous materials, the solvent is 
dried off before joint assembly to leave an adhesive coating. The 
tacky surfaces can then be bonded by contact after activation by 
heat or a light solvent wipe.

Adhesives which are cured by chemical action have more exacting 
requirements. Curing processes are dependent on time and temperature; 
pressure is also frequently required to prevent by-products of 
curing from flowing the glueline. (Ref. 46)

5.7 THE THEORY OF STRESS DISTRIBUTION IN THE ADHESIVE JOINTS

5.7.1 Volkersen’s analysis of lap joints

One of the earliest theoretical analyses of lap joints is introduced 
by Volkersen (1938). Volkersen did not consider the tearing stresses 
resulting from the bending of the members and he put his attention



79.

to the determination of the distribution of the shearing stresses in 
the adhesive layer. He accepts that these stresses arise solely 
from differential straining in the lap joint.

Hie joint considered by Volkersen is shown in Figure 5.11:

FIGURE.5.11: 

In Figure 5.11 t

1
^2 =
n:
Ga:
2l \

The Siiiple Joint of Adhe rends

The thickness of adherend (1) 
The thickness of adherend (2) 
Elastic modulus of adherend (1) 
Elastic modulus of adherend (2) 
The thickness of adhesive 
Shear Modulus 
The length of overlap

Two elastic adhe rends are bonded by an adhesive which is assumed 
to behave like an elastic solid with a shear modulus G^. The faces 
of the adhe rends are assumed to be parallel so that the thickness 
of the adhesive n is uniform.

hhen the jointed adherends are in tension it is found that the shear 
stre^ in the adhesive layer is a maximum at each er^ of the overlap. 
In this case, the stress concentration factor n^to%e the ratio of

^ _ The maximum shearing stress^  ----------------------------, so Volkersen’s equation can be
mean stress
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written as follows:

n = 2 - 1 + Cosh C2 e 6)
Sinh (2 E 6)

(1)

6  and e  are the dimensionless quantities and they are shown by 
the equations:

2Eiti
(2)

are
From equation (1) whenever the e , 6  ir small in that case stress

jCconcentration factor n^equal to 1 , for the large value of e  5, stress 
concentration factor n =

In the particular case, for exarple, the adhe rends are identical and 
of thickness t^ = t^ = t and elastic modulus = E. It can
easily be found from the equation (2) that e^ = 1 and e = 1 .

In this case stress concentration factor n can be given by: 

_ « [2e2 . 1 + Cosh (2e«)n = —
E Sinh (2 E Ô)

n = 6 2 - 1 + Cos h (2 6)
Sinh C2 6)

= 6
1 + Cosh (2 6) 
Sinh (2 5)

Cos h 2 6 = Cos h^ 6 + Sin h^ 6 = 2 Cos h^ 6 - 1 
Sin h 2 6 = 2  Sin h 6 Cos h 6

n = 6 'l +  7  C o s \ f  S -  t

t  Sin h 6 Cos M 6
= 6 Cot h 6

n = 5 Cot h 6 (3)
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where

62 =
21^  G. 

E t n
(4)

It will be seen that, in this instance if 6 << 1

(5) [from expansion of cos h)n - 1 + -^62 - 6^45

If 6 »  1
“ 2 6n = 6 (1 + 2 e ) (6)

vhich tends to n = 6 for n > 4.
The values of stress concentration factor n for different values 
of 6 and e can be calculated from the equation (1) and can be shown 
in Table 5.3:

e
6

0.5 0.7 1. 0 1.5 2. 0 3.0 5.0

0.4 1.132 1.106 1.053 0.540 0.806 0.331 0.150
0 . 8 1.511 1.399 1.205 0.664 0.629 0.302 0.161
1.2 2.083 1.824 1.439 0.856 0.669 0.402 0.240

1.6 2.799 2.328 1.736 1.089 0.818 0.534 0.320
2 .0 3.599 2.871 2.075 1.339 1.004 0.667 0.400
2.4 4.441 3.432 2.440 1.602 1.199 0.800 0.480
2.8 5.300 4.000 2.821 1.867 1.400 0.933 0.560
3.2 6.161 4.570 3.211 2.133 1.600 1.067 0.640
3.6 7.013 5.143 3.605 2.400 1.800 1 . 2 0 0 0.720

TABLE 5.3: Stress Concentration Factor (n)



The variation of the stress concentration factor according to 
6 and e is shown graphically in Figure 5.12.

Ihe detail of the theory can be seen in Appendix 5.1.

82,

6 = 0.5 6 =  0.7
€ - 1U

3

2

6=3

0 s
FIGURE 5.12: The Stress Concentration Factor

in adhesive joint
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As the stress concentration factor is directly related to overlap 
length, it should be possible to make a general comparison of this 
theory with the test results. The adhesive shear modulus and joint 
thickness can be assumed constant for all joints. In general n = 6 
for the joints but the small correction factor for the lowest 6 has 
been included in the following. If the allowable shear stress is S 
at unit overlap, then:

S S
Allowable shear stress % = — = —

n z

K

E tn
2 Ga

1

(Et)^ (7)
z

Where K is a constant determined from a typical experimental 
result. Figure 5.10 illustrates the trend of the theory by 
calculating K from the 50 mm overlap joint test with steel. The 
G.R.P. 10 ply shear curve is shown and aluminium result, if plotted, 
would lie below this with G.R.P. 5 ply below again. It can be seen 
that the theory only displays the general trend with regard overlap 
length and appears unreliable for comparison between differing 
adherends.

Figure 5.13 shows that strength of a joint can be effectively 
presented by plotting failure load against the joint overlap length. 
This demonstrates that the allowable joint load generally continues 
to increase even though the allowable shear stress decreases rapidly. 
The two metal joints give the expected result of the load increasing 
with the overlap but the G.R.P. shows a maximum at about 60 mm. This 
is possibly due to the low bending stiffness and the limited strength 
of the G.R.P. adherends.

5.8 THE STRENGTH OF CURE BONDED JOINTS

After the conpletion of the panel tests of Chapter 6 , it was decided 
to investigate the shear strength of the joints produced by cure 
bonding with the polyester resin. The top surface of the floor
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panels was pressed with weight on to the corrugations immediately 
after the corrugations were cojrplete, and before the resin had time 
to harden producing a cure bond.

The specimens were cut from the panels and prepared for a bond shear 
test as shown in Figure 5.14. The results of the shear strength 
tests are given in Table 5.4. The mean values are conpared with 
the E.0.4 adhesive in Figure 5.10 on the basis of stress and in 
Figure 5.13 on the basis of failure load [a width correction has 
been included). The cure bond is of lower strength than E.0.4 but 
is still adequate for the purpose due to the large contact area in 
the panels.
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6.0 THE DESIGN OF A G.R.P. CONTAINER FLOOR

6.1 INTRODUCTION

In the joint research work with industrial firms it was decided that 
the International Standard Shipping Container made an ideal study for 
the quantity application of G.R.P. structures. The large number of 
containers in use throughout the world are mainly made from steel 
and wood construction although a smaller proportion use aluminium 
giving a saving in wei^t at some increase of cost.

While the primary objective was to study the use of G.R.P. in an 
application with a moderate structural requirement, it was hoped that, 
a weight and cost effective design could be achieved. The lower 
density should be helpful in saving wei^t which is inportant in the 
transport costs over long distances. The material cost is higher 
than steel but not much different from the hardwood used in containers 
or the aluminium alloys which have been used. The G.R.P. container 
should not suffer from the short fatigue life which has reduced the 
use of aluminium. Also the G.R.P. will not suffer from corrosion 
like the steel container and is more resistant to damage than steel 
or wood. It was therefore hoped that the G.R.P. container, while 
costing more to purchase would be cost effective in total over a five 
year service life.

Possible designs for the whole container were considered but it was 
decided to start with the floor. The majority of containers have a 
floor of hardwood boards resting on steel transverse beams. The new 
design was chosen as a flat floor surface of G.R.P. cure-bonded to 
corrugated transverse stiffeners to provide the beams.

All international containers must meet the requirements of ISO 1496 
(1976) which gives a standard for both strength and deflection under 
service loads. The two inportant requirements for the floor concern 
the payload uniformly distributed and wheel loads from a forklift 
truck used to load the container. These two requirements gave the 
test programme which is considered in this chapter.
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In previous chapters the properties of several G.R.P. materials have 
been found from the test programmes. As the use of bolts for joining 
components should be avoided, the properties of adhesives and cure- 
bonding were investigated in Chapter 5. This information leads to 
possible floor panel designs which are strongly influenced by 
reasonable cost manufacturing methods.

The corrugated section of the panel was moulded on a wooden former 
with a polished surface to aid removal of the finished panel. Comer 
radii were cliosen to suit the woven roving laying to the sharp curve 
but it was still essential to provide alternate layers of C.S.M. to 
keep the radius to a reasonable low value. To suit the available 
laboratory facilities for both manufacture and testing it was 
decided to make half scale panels. The first series of panels were 
of short length (equivalent to half the container floor width) and 
were used to choose both the polyester resin and the glass cloth 
arrangement. The second series of long panels were equivalent to 
the full floor width (at half scale) and were used to develop an 
optimum design.

The test work done on these short and long panels form the main 
subject of this chapter.

6.2 TEST REQUIREMENTS FOR LOADING

6.2.1 The design of shipping container floors is controlled by 
two requirements in ISO 1496/1. One of the requirements is a 
defined concentrated loading resulting from the wheels of a fork- 
lift truck, as shown in Figure 6.1, and after testing there shall 
be no damage or permanent deformation. The requirement for the 
normal payload is that the full payload shall be carried with a 
strength factor of 2 and also that the deflection at a factor of
1.8 loading shall not exceed a limiting deflection. The deflection 
requirement is usually more significant than strength and defined in 
ISO 1496 such that no point on the floor structure shall deflect 
more than 18.5 mm relative to the container four corner castings.
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To allow for overall bending of the container it was decided to 
limit the floor deflection to about 12 mm.

, 820 mm L76Qmnt 82Q mm ,^76Qmi^

L = 2400 mm
à L
PP

FIGURE 6.1 Wheel loading requirement

6.2.2 As the test panels were made as half-scale models relative 
to the full size floor, it is necessary to use scaling factors in the 
tests. If the scale factor is S = 2, then the relationship on 
length is given by:

Full scale length. L = S (model length z )

The relation for areas is:
mm^

—  = = 4 b . &---
mm^

Because the materials are unchanged the stress should be independent 
of the model scale. While this is reasonably true for homogeneous 
materials it can be different for fibre reinforced laminates. The 
half-scale thickness can be produced by either half the number of 
plys or the same number of plys of half weight each. The half 
wei^t woven rovings or chopped strand mat is not commercially 
available, and previous research work (Ref. 47). 
that reducing the number of plys is acceptable.

If the stress is unchanged but areas scaled by it follows that
forces are scaled by S^. The following relations also apply:

Second moment of area I . = S^ = 16
mm
mm^



M F.L
Bending moment — = --- = S^. S =

m f. £

As the models were made accurately to half-scale it is possible to 
derive full-scale information by the above relationships

6.2.3 The concentrated wheel load test is relatively simple as 
the wheel can be represented directly by a hard rubber pad. As the 
expected damage is local it is only necessary to support the panel 
in a simple manner a reasonable distance from the applied load.
ISO 1496 requires a vdieel load of 2730 kg = 27.3 kN and therefore 
the half-scale requirement was taken as 7 kN. The contact area of 
the wheel is 185 mm x 78 mm and therefore a rubber pad was used 
with the dimensions 92.5 mm x 39 mm.

The requirement is limited to a statement that there shall be no 
permanent damage. Deflection is not a requirement but clearly a 
large value would be unpleasant to drivers so the deflections were 
measured in the tests.

6.2.4 ’ The uniformly distributed floor loading in ISO 1496 is 
derived from the container rating R - 24 Tons \diich is its gross 
wei^t. The requirement is for a test to this weight with a factor 
of 2 giving 48 Tons which includes the tare weiÿit of the container. 
The floor loading is therefore 46 Tons Wiich is equivalent to 460 kN. 
With an effective floor area of 5.6 m by 2.4 m the floor loading is 
33 kN/m^ and this should be applied to the test panels as it is not
scale dependent. For the long test panels the dimensions are 1.2 m
by 0.5 m and therefore the required panel distributed load is 20 kN.

The distributed load gives a bending moment of W £/8 but the tests 
were made with a central load across the full width of the panel 
for which the bending moment is W £/4. The required test load is 
therefore half the distributed load and is 10 kN.

For the deflection requirement a factor of 1.8 is required on the
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actual payload to produce the limiting deflection. The deflection 
for distributed and central loading is as follows:

5 W£3 P£3
Distributed = ------- :—  Central = -----

3 84 El 48 El

For equal deflection the relation follows as P = ^/g . W instead of
the half used for strength. The test load for deflection at
1.8 X 22 Ton payload is therefore:

1.8 X 220 5
Test load = ---------  x 1.2 x 0.5 x - = 10.6 kN

5.6 X 2.4 8

This test load was therefore generally used to cover both the strength 
and deflection requirements. The deflection requirement in ISO 1496 
is 18.5 mm relative to the four comer castings and therefore the
beam deflection should be less than approximately 12 mm as stated
in paragraph 6 .2 .1 . Allowing for the half-scale model the test 
deflection on the long panels should be less than 6 mm at 10.6 kN 
central load.

6.2.5 The 12 panels tested in the first series are only half of 
the correct scale length and therefore do not conpare directly with 
the ISO standards for uniform loading and deflection. However an 
approximate check can be of the deflection and from calculated 
section properties useful information can be obtained on strength 
and elastic modulus.

The panels were directly useful for the wheel loading test and also 
for local damage to the panel.

6.3 TEST METHODS FOR THE G.R.P. PANELS

6.3.1 The twelve short panels described in chapter 3.6 were first
tested for the concentrated wheel load. The arrangement of the 
specially constructed test rig is shown in Figures 3.9 and 3.10. A 
hard rubber pad of dimensions corresponding to a half scale wheel was
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loaded through a steel plate by the hydraulic jack with the panel 
supported under the ends of the corrugations. Deflections were 
measured at many positions by deflection potentiometers which gave a 
direct print of results at each load increment.

The wheel pad was positioned centrally on the panel which gives the 
loading on the top surface midway between corrugations. As the wheel 
pad is rectangular tests were made on some panels with the two 
alternative directions at 90° to each other. The expected result was 
demonstrated that the longer dimension should be along the lengthwise 
direction of the corrugation giving the greater sinple beam bending. 
Loading of the top surface above the corrugation was shown to be of 
secondary importance.

The wheel load tests on the four long panels were done in the 1000 kN 
Avery machine using the 50 kN scale range. Only local damage was 
being considered so a limited number of dial gauges were used as shown 
in Figure 3.6. The main reason for using this machine was the quick 
interchange with the central load beam tests.

6.3.2 A unifomly distributed loading over the surface of a panel 
can only be effectively applied through an air (or water) bag and it 
is usual to produce the equivalent bending moment by a central load 
across the full width (see 6.2 above). Both short and long panels 
were tested in a similar manner in the 1000 kN Avery machine as shown 
in Figure 3.5.

The panels were supported at their ends on rectangular steel tubes and 
packed where necessary with shim steel to allow for variations in the 
corrugations. The central load was applied through a rectangular tube 
of 60 mm width lying across the panel width. The tube was centrally 
loaded to allow some freedom of movement to correct for differential 
deflection across the panel and also to allow space for the deflection 
gauges under the machine cross head.

The deflection of the panel under test was measured near to the centre 
and this could be conpared against an auto plot of load/de flection
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produced by the 1000 kN machine. Settling at the end supports was 
measured by deflection gauges at each end of the panel.

The load was increased in increments of 10 kN up to the maximum for 
each panel with deflection readings taken at each increment. A record 
was kept of damage to each panel.

6.4 CALCULATION OF THE STRENGTH AND DEFLECTION OF THE PANELS

6.4.1 The concentrated wheel load is applied by a rubber pad to a 
rectangular area of the top surface of the panel. It has the most 
damaging effect when applied centrally to the surface midway between 
two corrugations as shown in Figure 6.2.

Pad 95 mm X  39 mm7 kN

39 mm

100 mm

FIGURE 6.2 Wheel loading condition

The bending moment in the surface will depend on the hardness of the 
rubber (or the wheel in the real container) and also the effective 
support position of the corrugation. It was assumed that effective 
length of the pad in loading the surface would be rather more than 
the actual length and 100 mm was used. Using Engineers bending theory 
a reasonable guide to both the strength and deflection of the top 
surface was obtained for design purposes. This local deflection was 
not distinguishable in the test results.

The total deflection at the wheel pad relative to the ends of the
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panel was considered but the calculation presents considerable 
difficulties due to the gradual diffusion of the load into adjacent 
corrugations. As the overall deflection requirement does not depend 
on wheel loading which is less than the uniformly distributed 
loading this calculation was not made.

6.4.2 The uniformly distributed loading case is represented in 
the test programme by a central load across the full width of the 
panel. This gives direct results from Engineers bending theory when 
the section properties of the panel are calculated. The cross-section 
of the panel corrugations as shown in Figure 6.3 is rather complex and 
is therefore best obtained by a tabulated summation of the four elements 
A small conputer program was writtem for this purpose and the results 
for the short panels are given in Table 6.1 for a single corrugation 
and top surface of each panel. The area A is the summation of the 
four areas, the centroid position ÿ measured from the top surface is 
derived from the first moment of area, and the second moment of area 
I is the summation of local and Ay^ values.

Table 6.1 gives two alternative values of the section properties. The 
more usual values are those derived from the measured thickness of 
the laminate but this is not very accurate as the moulding of the 
corrugations leads to considerable thickness variation. As the number 
of glass cloth laminations is known the variation is due to the resin 
Wiich has a secondary effect o n  the properties. The alternative 
section properties are therefore derived from the average thickness 
of each lamination being taken as 1 mm, which is a usually accepted 
value for this weight of cloth. Panels with the same glass content, 
but different polyester resin (named A, B and C) give the same section 
area. It appears that the average thickness is rather less than 1 mm 
from the results in Table 6.1.

From the applied bending and the section properties it is possible to 
calculate the stress in the panel and the elastic modulus consistent 
with the measured deflection. These values can then be compared with 
the expected range of properties given in Chapter 4 on material
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properties.

The section properties for the four long panels numbers 17 to 20 
are given in Table 6.2. These are based on the average measured 
thicknesses from the actual panels.

6.4.3 The possibility of additional local failures was considered 
and the most likely were local buckling and local bending at the 
corrugation top corner radius.

The local buckling of the shear panels of the corrugation sides can 
be derived from the formula:

ftPBuckling stress = KE

In the case of the compressive stress in the corrugation sides the 
worst panel will be the 3 mm C.S.M. material for which E = 8 kN/mm^ 
(Table 4.9). Assuming a pin edge support on 60 mm panel depth the 
buckling stress is:

2
% = 3.62 X 8000 3

60 = 73 N/mm^

For an 80 kN applied load used and 150 mm of effective length in 
compression the applied stress is:

80,000
a =

6 X 150 X 3
= 30 N/mm^

This approved the design and agrees with the results of the tests 
which produced no damage.

Shear buckling is calculated from the same buckling stress equation 
but the coefficient is about 7 and there is no possibility of failure 
with the relatively thick G.R.P. construction.

6.4.4 A local failure due to bending of the corrugation comer was 
considered to be possible and did actually occur on the C.S.M. panels,
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Figure 6.5 shows the form of loading which was assumed:

FIGURE 6.5 Corrugation local bending

The local bending was taken as fixed at both ends giving a bending 
moment = ̂  x ̂  . Taking an effective length along the corrugations, 
which could be seen from the actual failures a simple bending strength 
calculation predicts that failure would occur on the 3 mm panels, at 
maximum test load but would not occur on the 5 mm panels.

6.5 RESULTS OF THE G.R.P. PANEL TESTS

6.5.1 The half scale panels made by B.P. Ltd were tested to the
I.S.O. 1496 standard for the wheel loading case and also tested for 
the distributed loading which was represented by a central load 
across the full width of the three corrugations. For the 12 short 
panels three polyester resins were selected by B.P. Ltd from their 
range of about 100 polyester variations. These resins are named 
A, B and C and were used with four glass fibre arrangements as 
described in Chapter 3.6. The four long panels were designed from 
the results obtained from the short panels.

6.5.2 The wheel loading tests on the short panels are described in
6.3 and many deflection readings were taken and plotted. Although 
initial settling of the panels caused some scatter they all settled



95.

to straight lines from which the load/deflection slope could be 
determined. The maximum test load was the I.S.O. scale requirement 
of 7 kN and the deflection corresponding to this load is given in 
Table 6.3. Using the section constants for measured thickness and 
Engineers bending the calculated deflection is compared in Table 6.3.

In general the results compare quite closely between test and theory 
which shows that the majority of the deflection was due to overall 
bending as the local deflection at the wheel pad is not included in 
the theory. It can therefore be concluded that the local deflection 
is acceptable for the wheel load. Although no failures occurred the 
top surface of the three lightest panels 5, 8 and 12 were crazed and 
would not have taken repeated loading. Three plys of C.S.M. were 
concluded to be inadequate.

Panel 3 A is seen to give a low deflection in both wheel and central 
loadings (Table 6.4), but the explanation is due to high thicknesses 
as the theoretical deflection corresponds to the test. It is most 
likely that an extra ply of C.S.M. was included.

6.5.3 Table 6.4 gives the results of the central load tests on the 
twelve short panels. The required test load for a half scale panel 
is given in 6.2.4 as 10.6 kN; as these panels are of half length the 
strength approval load is about 21 kN. From Table 6.4 column 8 it is 
seen that panels 8, 10, 12 and 13 actually failed on test and are 
marginal on strength. These failed by crushing of the corrugation 
radius and while this could be improved or may be a result of the test 
loading bar concentrated load, the 3 ply design is too marginal. The 
photographs in Figures 6.6 to 11 show this mode of failure.

Floor deflection is the critical design requirement and while this 
is true of steel containers, it is particularly important with the 
low elastic modulus of G.R.P. In Table 6.4 column 8 gives the maximum 
load applied during the tests. The results gave a good straight line 
for load/deflection and the deflection at 10 kN (unfactored load) is 
given in column 4. To give this full meaning the scale equivalent for
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I.S.O. 1496 requirement is given in 5. The requirement is a deflection 
of about 12 mm or less (paragraph 6.2.1) and it is seen that the 5 ply 
panels are of the right order of deflection but need some improvement 
in stiffness. These improvements were used for the design of the four 
long panels. \

The elastic modulus based on the section constants of Table 6.1 are 
given in column 6 (number of plys) and 7 (measured thickness). The 
latter compares well with Table 4.9 for C.S.M. in which E = 8.1 - 8.5 
kN/mm^ but the mixed values C.S.M./W.R. are generally lower than
10.7 kN/mm^.

The maximum stress applied during the tests is given in column 9 and 
can be compared with material test data in Table 4.10. As no direct 
tensile failures occurred it is noted that some of the C.S.M. panels 
exceeded the expected allowable stress. The mixed C.S.M./W.R. panels 
had excess bending strength.

6.5.4 The results of these tests show that there is little to choose 
between the polyesters and as A 265/500 B is the most convenient for 
manufacture this one should be chosen. Both woven roving (W.R.) and 
the thickness of 5 plys are required so that panel 11 B is the basis 
for development. Four new panels were therefore designed and 
opportunity was taken to make them of 1.2 m length giving a true half 
scale model. These are numbered 17 to 20 and the construction and 
test results are given in Table 6.5, with some details in Chapter 
3.6. The main improvement was the use of Linrov uniaxial fibres 
idiich gave a marked improvonent to the floor stiffness.

6.5.5 The load/deflection test results of the four long panels are 
given in Figure 6.4 with the effective 7 kN \dieel load deflection in 
Table 6.5. Panels 18 and 20 gave good results which are linear and 
with no damage.

Panel 17 is a repeat of panel 11 B at 1.2 m length and the wheel load 
deflection at 11.2 mm is too high. Comparing with panel 11 (6.3) the
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deflection should be 1.13 x 8 x 9.04 mm and this could have resulted 
from the very poor bonding between the panel top and the corrugations.
The bonded area could be seen to be only about 10% of the total area 
and does show that the results are not critically dependent on shear 
strength. This may be the cause of non linearity in Figure 6.4.

Panel 19 gave the best deflection results and shows the advantage of 
the Firet as a lower density filler for the top surface. However 
crazing of the C.S.M. surface did occur and it is considered that W.R. 
should be used instead. Unfortunately the photographs (Figures 6.13-15) 
do not show this damage.

The increased stiffness resulting from the use of Linrov in panels 18,
19 and 20 is shown in both the wheel and central loading results.

6.5.6 In the equivalent distributed load tests using a central bar 
the central deflection is seen (Table 6.5) to be reduced to an acceptable 
level, that is below 12 mm at equivalent I.S.O. 1496 conditions.
Panel 19 suffers from using only C.S.M. in the top surface and the 5 
plys of W.R. in panel 20 is more than required leading to a high weight 
panel. The elastic modulus derived from the tests shows the 
advantages of the Linrov fibres and a valve of E = 15 kN/mm^ is 
equivalent to a panel made of only W.R. The figures in brackets for 
panel 19 omits the thickness of the Firet in the calculation.

The required strength is proved by a central load of 10.6 kN (6.2.4) 
and therefore all the panels had adequate strength. Panel 17 was not 
loaded above 20 kN and then some bonding failure occurred (due to 10% 
bonding in manufacture). 60 cycles to 20 kN were applied with a very
slow increase in the bond failure.

The load/deflect ion graphs are shown in Figure 6.5a and seen to be 
linear. The results show that a design based on a combination of 
panels 19 and 20 could be successful.
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6.6 THE WEIGHT AND COST OF G.R.P. STRUCTURE

6.6.1 As the four long panels have been shown to be of suitable 
design for a container floor it is important to understand the 
implications of their weight and cost. In Table 6.6 part 6.6/1
gives the effective developed areas of material in the three components 
of each panel. The number of plys in the panel is given in Table 6.5 
and the weight of glass-fibre materials is given in 6.6/2 (Table 6.6). 
These weights are supplied by the manufacturers and as the glass and 
resin were weighed during moulding of the panels the panel weights 
can be calculated.

The detail weights are given in Table 6.7, leading to a weight for 
panel. The actual weighed weights are given for comparison and agree 
quite well. The relationship of these half scale panels to a 20 ft 
container floor is given in Table 6.7 and therefore the total floor
weight is given in the table.

As a basis for weight comparison, a hardwood floor weighs about 4 Ib/ft^ 
and the steel cross beams are about 4.2 Ib/ft^ giving a total floor 
weight of 580 kg. Estimates of existing container floors suggests a 
weight range of 550 kg to 700 kg and therefore the G.R.P. floor is of 
competitive design.

6.6.2 The cost of the panel materials are given in Table 6.6/3 and 
these can be used with the weight details of Table 6.7 to give the 
panel costs. The table also gives the estimated cost of a complete 
container floor and from this follows the cost per Tonne of weight.
The comparative cost of containers at the same time (1979) was about
£750 per Tonne and this included manufacturing labour cost. The 
cost of a G.R.P. container floor is therefore too high.
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7.0 GENERAL DISCUSSION

7.1 INTRODUCTION

The purpose of this research is to examine the use of reinforced 
plastics in engineering products and in particular the design of a 
shipping container. It is therefore necessary to consider three main 
problems :

(a) The properties of the materials being used.

(b) The methods of joining the materials into a structure.

(c) The strength and costs of the components made from the 
material and joining methods.

These three aspects have been considered in the context of glass 
reinforced plastic (G.R.P.) using polyester resin and some comparisons 
have been made with existing materials such as steel.

7.2 MATERIAL PROPERTIES

7.2.1 The G.R.P. stress/strain characteristics are different to the 
metals on which so much engineering experience exists. The primary 
difference is the metallic yield and large plastic strain does not 
exist in the reinforced plastics. In the short teim, room temperature 
tests, G.R.P. displays no yield and negligible ductility.

Reinforced plastics are a composite material usually involving a low 
strength matrix such as polyester resin which is reinforced by a 
high strength fibre such as glass fibre. The possible range of these 
components of the composite were described in Chapter 2.

If the composite is to be successful then the strain capability of 
both materials must be similar to avoid premature failure of one 
component while the other has not been fully used. In a composite 
a high percentage of the stress is transferred to the fibres and the 
matrix is responsible mainly for bonding the fibres together and
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providing some environmental protection, it is therefore important for 
the matrix to have a large maximum strain capability even if the stress 
is small.

7.2.2 The two main properties of G.R.P. are the tensile strength and 
elastic modulus and it is possible to relate these properties to those 
of the glass and polyester if the volume fractions and fibre orientations 
are known. These results are useful in predicting the properties of 
reinforced plastics and for understanding results of experimental tests. 
The elastic modulus E of G.R.P. is calculated for various glass fS)rms
in Tablé 4.8 using theoretical or accepted values for the basic 
materials and volume fraction. As volume fraction can usually be 
controlled in manufacture (except for sharp comers) the values using 
the measured value are similar and in fact in good agreement with the 
experimental results in Table 4.17. The increased stiffness ratio 
relative to the polyester matrix is seen to depend on the glass form 
but in any case gives a considerable improvement for the composite.

A useful graphical demonstration of the elastic modulus variation with 
glass weight fraction is shown in Figure 4.24 and effects of the types 
of glass form is discussed in Chapter 4.3.

The method referred to above can also be used successfully for 
calculating the tensile strength of G.R.P. conposites provided that 
the volume fraction is known along with the form of glass lay-up.

7.2.3 Although the main aspects of this work have been related to 
the short time tensile properties of G.R.P. the effects of long term 
creep and fatigue have been considered in Chapter 4. If the application 
requires long times at lower stresses (about 40% tensile strength)
with only the occasional high load condition then these short time 
properties are adequate for the designer. This is considered to be 
the case for the container design. Resin cracking leading to acoustic 
emission is also avoided if stress/strain is kept below ’the knee’ 
in the initial loading curve and has little effect on subsequent 
reloading.
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7.2.4 For the chopped strand mat (C.S.M.) and woven rovings (W.R.) 
and also mixtures of these two a large number of material property 
tests have been made. Over 40 specimens of each glass form were 
tested to give static and dynamic modulus and the tensile strength. 
The statistical analysis of these test results has given mean and 
standard deviation values. The dynamic modulus is higher than the 
static modulus and it appears to be appropriate to high frequency 
vibration problems but not for structural design. The static modulus 
and tensile failure strength values agree well with the calculated 
values using glass and matrix properties with the appropriate 
volume fraction and fibre form constant. The advantageous effects 
of the glass fibres and their correct orientation is demonstrated.

The scatter as measured by one standard deviation is very important 
in deciding the design strength of any material and in particular for 
fibre reinforced conposites. Table 4.17 summarizes the deviations 
for modulus and strength and in general the values are very low, 
which may follow from the carefully controlled manufacture. There, 
is one exceptional result which gives a variance of 14% for 3 C.S.M.
+ 2 W.R. and there is no particular reason for this result. These 
specimens were cut from the floor panels and this may be an exanple 
of the kind of scatter that may occur in production.

It is usual practice in material specifications to use a design 
strength of mean, minus three deviations. In the particular case of 
14% variance this reduces the design strength to about 60% of the 
mean value. Such a reduction has a serious effect on design although 
it is consistent with reducing stresses to avoid creep or fatigue 
as discussed above. As the deflection of a structure is dependent on 
the average properties through the structure it is usual to design to 
the mean value of elastic modulus although note should be taken that 
three standard deviations could produce up to 10% reduction in 
stiffness.

7.3 THE STRENGTH OF ADHESIVE JOINTS

7.3.1 The adhesive used in this work was considered the most 
suitable by B.P. Chemicals as Permabond have had five years of
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experience in such applications as lorry bodies. It was found that 
using no specialized equipment, as would be available for quantity 
production, quite strong joints could be produced which would be 
suitable for joining main components of a container. Effective 
joints could be made between any combination of G.R.P., aluminium 
and steel without the use of special tools to provide heat or 
pressure for curing. The low contact pressure is only required for 
an initial curing time of one hour. Many other advantages and 
disadvantages of bonding processes are discussed in Chapter 5.

7.3.2 The adhesive meets a requirement of 14 N/mm^ (2000 Ib/in^) 
which is an accepted level for the  ̂ inch (12 mm) lap joint test.
This strength makes the joint equivalent to that which is possible 
using normal rivets or bolts in a similar application. The adhesive 
also is more appropriate to reinforced conposites than a process 
involving drilling holes which cut through the fibres and then must 
rely on bolt tension to produce a friction contact joint. The 
adhesive has the advantage of providing a continuous joint which is 
sealed against water.

7.3.3 Increasing the overlap length of the joint is seen to reduce 
the allowable shear stress that the joint can cariy. This effect is 
well known and is predicted with limited accuracy by the available 
theory. The allowable shear stress must also be dependent on the 
shear stiffness of the adhesive in the joint relative to the stiffness 
of the two adherends. While this is shown to be true from the test 
and the theory used the agreement between them is poor. It would 
appear that data presented as an allowable joint force against overlap 
length is more useful and this gives the general impression that 
about 50 mm overlap is useful and increasing above this value will 
give little increase in strength. It must be appreciated that 
metallic joints using bolts display the same properties in the elastic 
range although final failure load can be increased due to the available 
ductility.
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7.4 THE USE OF G.R.P. FOR THE œNSTRUCTION OF SHIPPING CONTAINERS

7.4.1 The design of a shipping container was chosen for a joint
investigation with industrial firms into the possibility of making 
large structures in G.R.P. Many advantages are discussed in Chapter 6 
but it was necessary to provide a practical design which could be 
made at an acceptable cost.

7.4.2 The design of containers is controlled by ISO 1496 and this
is found to be very demanding on structural deflection even in a
normal steel container. The low elastic modulus of G.R.P. therefore 
presents a primary problem in the design of a container. It is 
therefore possible to design to meet overall strength requirement 
without difficulty both with respect to G.R.P. tensile/compression 
stress and the allowable shear stress in either adhesive or cure 
bonded components. An exception to this was found in local failures 
due to concentrated loads on 3 ply C.S.M. construction and although 
C.S.M. is the cheapest material to use it is not suitable without 
woven rovings.

7.4.3 From the tests on the floor panels many useful factors were 
deteimined leading towards the most suitable design. Of three polyester 
resins chosen by B.P. Ltd it was shown that they did not influence the 
strength properties and therefore the cheapest one to use could be 
selected. The low elastic modulus of C.S.M. makes the design too 
heavy and cancels any manufacturing cost saving. Woven roving is 
essential to effective design and should be used where possible. To 
form the corrugations alternate plys of C.S.M. are essential as W.R.
is difficult to bend on the comers, this situation appeared to be 
acceptable. The use of uniaxial fibres (Linrov) in the lower 
corrugation was found to have considerable advantages following from 
the high elastic modulus. As the top surface is flat it can be made 
with woven roving cloth which is resistant to the wheel load and of 
high overall bending stiffness. It may be possible to reduce the 
weight of this surface using a glass flock low density filler (Firet)
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but as this is impregnated with resin the saving is low: its use 
with only C.S.M. surfaces was not adequate for the wheel loading.

As a result of the test work it was proved that some of the second 
series long panels were adequate for both strength and stiffness. As 
a result a new panel numbered 21 in Tables 6.5 and 6.7 was designed 
and this will be included in the discussions on practical designs.

7.4.4 The test programme on the panels was generally successful 
and good agreement was obtained between the calculated elastic 
modulus and those measured in the material test programme of Chapter 4 
Although no tensile stress failures occurred there was also general 
agreement with the measured tensile properties of the various
G.R.P. combinations.

7.4.5 The work was successful in producing a panel design which 
would be suitable for the floor of a container for strength and 
stiffness. Paragraph 6.6 and Table 6.7 therefore summarize the two 
aspects of weight and possible cost. A study of existing containers 
gives total floor weights in the range of 550 kg to 700 kg and 
therefore a weight for panel 21 of 548 kg is quite competitive.
However the cost of both polyester resin and glass fibre is high 
relative to conventional materials. It is also unlikely that the 
labour content could be less than for a conventional container. As 
discussed in paragraph 6.6.2 the cost was considered too high and 
for this reason panel 21 was not manufactured.



105.

8.0 œNausioNs

1. The average tensile properties including strength and modulus
can be deduced from the properties of the resin and fibre if the
fibre volume fraction and fibre distributions are known.

2. In the first time loading of G.R.P. in tension the ’knee’ in
the curve and noise emission have little effect on subsequent
reloading.

3. The dynamic elastic modulus is appreciably greater than the useestatic modulus. The static modulus gave good agreement when/^to 
calculate structural deflections.

4. The scatter in tensile strength properties leads to a serious 
reduction of the design strength below the mean strength. For 
deflection calculations the mean value of elastic modulus can 
be used.

5. The adhesive and the ’cure bonding’ used to make joints had
more than adequate strength for the container construction. These 
joints should be used in preference to bolts or rivets.

6. The adhesive could be used for adherends of G.R.P. or metal 
including mixtures. The optimum shear strength could be achieved 
for about 50 mm overlap length.

7. The properties of Chopped Strand Mat as the only fibre reinforcing 
were found to be unacceptable for container design. Woven 
Rovings, or an alternating mixture to aid manufacture, were 
essential to both strength and stiffness.

8. Three alternative polyester resins were tested and it was found 
that they had no relative difference in the G.R.P. properties.
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9. The high elastic modulus of uniaxial fibres has been found to 
be valuable in increasing the stiffness of iJie corrugated 
panels.

10. The design of a G.R.P. shipping container is most affected by 
the low elastic modulus of G.R.P. compared with conventional 
steel designs. It was found to be possible to design a

- t i o n o V
container floor which met the Interna^ Standard at an 
acceptable weight.

11. The design developed for a shipping container was considered 
to be acceptable for quantity manufacture but the material 
costs for the glass fibre and polyester resin were unacceptably 
high.
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TABLE 4.2: Test results for the static elastic modulus and the
failure stress' for CSNl 3 ply

p = 1450 kg/m^

Number
of

Test

Cross- 
Section 
Area 

(A) rim̂

Failure
Load
CPp) kN

Failure 
Stress 

(af) N/mmZ

Static 
Elastic 
Modulus 
(Eg) kN/irm̂

1 155 9.14 59.03 8.39
2 158 14.55 92.15 9.18
3 166 10.07 60.71 8.36
4 158 13.98 88.52 8.20
5 152 9.30 61.20 7.92
6 153 13.32 87.10 8.63
7 124 7.71 62.20 7.25
8 148 12.69 85.78 8.78
9 156 9.95 63.80 9.38

10 170 14.55 85.60 8.66
11 192 12.37 64.45 8.56
12 208 17.27 83.04 7.55
13 164 11.68 71.25 8.42
14 198 14.77 74.60 8.16
15 186 15.04 80.90 8.91
16 108 7.05 65.30 9.32
17 112 8.09 72.30 8.50
18 103 7.65 74.32 8.15
19 110 8.82 80.20 7.96
20 114 9.05 79.42 7.76
21 108 7.06 65.45 7.59
22 142 9.41 66.32 9.11
23 140 10.99 78.50 8.82
24 160 11.82 73.88 8.17
25 152 11.21 73.80 7.94
26 145 11.28 77.80 7.79

continued ...



p = 1450 kg/m^

Number
of
Test

Cross- 
Section 
Area 

(A) mn^

Failure 
Load 
CPp) kN

Failure 
Stress 

(pf) N/imZ

Static 
Elastic 
Modulus 
(Eg) kN/mm^

27 132 9.95 75.40 8.57
28 110 8.38 76.20 8.90
29 124 9.58 77.32 8.52
30 136 9.99 73.50 8.74
31 138 10.01 72.60 7.70
32 150 10.53 70.20 8.34
33 148 10.31 69.72 9.10
34 132 9.16 69.45 8.58
35 160 11.22 70.14 8.71
36 171 11.68 68.35 8.61
37 182 12.45 68.42 8.22
38 170 11.41 67.15 8.10
39 146 9.96 68.24 8.31
40 128 9.40 73.50 8.19
41 132 9.42 71.40 8.98
42 162 11.22 69.30 8.59



TABLE 4.3: Test results for the static elastic modulus and the
failure stress for CSM 6 ply

Number
of

Test

Cross- 
Section 
Area 

(A) mn^

Failure 
Load 
(Pf) kN

Failure 
Stress 

(q £) N/mm^

Static 
Elastic 
Modulus 
(Eg) kN/mmZ

1 170 14.17 83.36 8.59
2 192 15.44 80.42 8.75
3 208 16.89 81.24 8.52
4 164 12.88 78.54 9.10
5 198 15.71 79.36 8.08
6 186 15.16 81.54 8.39
7 184 15.69 85.32 8.61
8 172 13.16 76.55 8.65
9 183 14.49 79.21 9.04 '

10 196 15.86 80.92 8.18
11 201 16.56 82.42 8.15
12 159 13.05 82.10 8.68
13 162 13.69 84.52 9.01
14 170 12.99 76.42 8.73
15 182 14.67 80.65 8.56
16 190 15.64 82.36 8.47
17 192 15.85 82.60 8.41
18 184 14.65 79.63 9.07
19 176 14.10 80.14 8.63
20 182 14.09 77.43 8.45
21 164 12.75 77.80 8.34
22 198 15.72 79.42 8.44
23 184 14.69 79.84 8.49
24 192 15.62 81.36 8.76
25 168 13.29 79.14 8.81
26 172 13.68 79.54 8.82

continued ...



p = 1450 kg/m^

Number
of
Test

Cross- 
Section 
Area 

(A) mm^

Failure 
Load 
(Pf) kN

Failure 
Stress 

(pf) N/mm2

- "T
Static ; 

Elastic 
Modulus 
(Eg) kN/nrnZ

27 176 13.60 77.30 8.53
28 182 13.67 75.15 8.58
29 184 14.33 77.90 8.66
30 190 15.86 83.49 8.24
31 192 15.72 81.92 8.51
32 190 15.30 80.54 8.74
33 186 14.56 78.32 8.64
34 190 14.83 78.10 8.57
35 176 13.42 76.30 8.37
36 168 13.13 78.21 8.26
37 176 14.65 83.24 8.71
38 164 13.43 81.90 8.27
39 168 14.15 84.26 8.85
40 180 14.15 78.65 8.83
41 182 14. 80.31 8.33



TABLE 4.4: Test results for the static elastic modulus and the
failure stress for IVR 5 ply

p = 1650 kg/mS

Number
of

Test

Cross- 
Section 
Area 

(A) mm^

Failure 
Load 
CPp) kN

Failure 
Stress 

(o£) N/irm̂

Static 
Elastic 
Modulus 
(Eg) kN/imZ

1 277.14 50.88 186.30 15.92
2 278.41 50.17 180.22 14.67
3 269.74 47.53 176.22 16.44
4 279.14 51.43 184.26 16.16
5 277.45 48.87 176.14 15.49
6 277.40 49.98 180.19 15.10
7 279.18 50.29 180.14 15.86
8 281.10 49.49 176.08 15.27
9 269.72 - 49.65 184.10 15.42

10 268.90 48.27 179.52 15.17
11 274.18 50.45 184.02 15.21
12 276.40 48.53 175.61 16.30
13 277.45 49.74 179.30 15.68
14 281.05 49.30 175.42 14.43
15 269.49 48.50 184.00 15.90
16 271.14 48.58 179.18 15.61
17 273.48 50.16 183.42 14.87
18 276.14 48.40 175.30 16.24
19 275.49 49.34 179.10 16.12
20 279.14 51.15 183.26 15.52
21 278.52 48.53 174.27 14.82
22 277.40 49.44 178.23 15.16
23 274.35 50.25 183.18 15.54
24 277.58 48.31 174.06 15,19
25 279.16 49.73 178.16 14.84
26 277.01 47.95 173.10 15.87

continued ...



p = 1650 kg/m^

Number
of
Test

Cross- 
Section 
Area 

(A) mm^

Failure 
Load 
CPp) kN

Failure 
Stress 

(pf) N/mm2

Static 
Elastic 
Modulus 
(Eg) kN/nrnZ

27 276.55 50.45 182.46 14.62
28 277.10 53.02 191.34 16.17
29 277.92 52.56 189.12 15.81
30 277.07 50.53 182.40 ' 15.32
31 269.54 47.98 178.04 15.24
32 274.32 47.35 172.64 16.13
33 281.14 48.46 172.40 15.91
34 278.42 49.39 177.40 15.74
35 277.35 50.36 181.60 15.25
36 280.14 52.73 188.24 15.72
37 269.94 48.94 181.32 15.63
38 272.80 48.29 ' 177.02 16.10
39 274.16 51.30 187.14 15.66
40 273.42 46.80 171.18 15.94
41 274.18 49.68 181.20 15.43
42 277.49 48.93 176.35 15.64
43 281.14 52.41 186.42 15.48
44 280.26 47.78 170.52 15.84



TABLE 4.5: Test results for the static elastic modulus and the
failure stress for WR 10 ply

p = 1650 kg/m^

Number
of

Test

Cross- 
Section 
Area 

(A) mm^

Failure 
Load 
(Pp) kN

Failure 
Stress 

(pf) N/nm^

Static 
Elastic 
Modulus 
(Eg) kN/imZ

1 467.05 84.62 181.20 14.79
2 467.65 90.95 194.50 15.62
3 467.25 89.33 191.19 16.34
4 466.39 87.82 188.30 15.94
5 466.72 88.04 188.65 16.38
6 468.86 89.69 191.30 15.68
7 498.73 90.96 182.40 15.12
8 517.14 100.00 195.12 15.97
9 517.40 99.04 191.42 16.10

10 517.64 97.68 188.72 15.71
11 465.46 91.31 196.18 16.48
12 498.73 91.05 183.10 15.16
13 510.23 100.00 196.42 16.12
14 479.16 90.58 189.05 16.57
15 494.42 95.02 192.20 15.30
16 498.54 91.88 184.30 15.74
17 502.40 99.03 197.13 16.14
18 503.66 95.27 189.16 15.76
19 512.30 98.48 192.24 15.59
20 498.21 91.87 184.42 15.34
21 490.36 97.38 198.60 15.79
22 479.44 90.75 189.30 16.17
23 487.16 93.68 192.30 16.74
24 477.42 88.39 185.16 15.36
25 469.13 93.35 199.00 16.18
26 468.16 88.98 190.08 15.84

continued ...



p = 1650 kg/m^

Number
of
Test

Cross- 
Section 
Area 

(A) mm^

Failure
Load
(Pp) kN

Failure 
Stress 

(pf) N/mmZ

Static 
Elastic 
Modulus 
(Eg) kN/mmZ

27 468.86 87.29 186.19 16.78
28 517.12 99.61 192.64 15.46
29 496.07 99.96 201.50 16.94
30 508.74 96.73 190.14 15.85
31 506.32 97.84 193.25 16.19
32 498.42 92.88 186.35 15.49
33 484.35 93.67 193.40 15.86
34 487.16 90.91 186.63 16.24
35 489.14 93.09 190.32 15.55
36 479.62 93.24 194.42 16.26
37 477.42 89.46 187.40 15.88
38 502.16 95.73 190.64 15.57
39 501.35 97.50 194.48 15.92
40 498.14 93.47 187.64 16.29
41 477.42 91.25 191.14 15.58



TABLE 4.6: Test results for the static elastic modulus and the
failure stress for CSM + WR (3 + 2) ply

p = 1560 kg/m^

Number - 
of 

Test

Cross- 
Section 
Area 

(A) mm^

Failure 
Load 
(Pp) kN

Failure 
Stress 

(of) N/mmZ

Static 
Elastic 
Modulus 
(Eg) kN/im^

1 199.51 19.73 98.90 10.74
2 214.65 30.37 141.48 9.90
3 210.29 24.68 117.36 10.25
4 215.45 27.70 128.56 11.11
5 224.29 35.68 159.07 10.48
6 236.36 29.42 124.47 11.08
7 213.14 29.24 137.18 10.51
8 231.86 24.53 105.79 10.18
9 212.32 27.92 131.49 10.10

10 199.26 22.81 114.47 11.32
11 212.25 31.45 148.17 11.63
12 207.69 ' 32.06 154.36 10.65
13 204.62 33.72 164.79 10.28
14 210.50 35.44 168.36 11.30
15 228.79 31.96 139.69 11.45
16 214.10 28.60 133.58 10.94
17 199.20 25.15 126.25 10.45
18 205.12 29.88 145.67 11.42
19 208.17 33.03 158.66 11.10
20 212.10 21.12 99.57 10.15
21 206.28 24.71 119.78 10.39
22 224.15 32.38 144.45 10.61
23 236.10 29.18 123.59 11.02
24 214.12 28.34 132.35 11.06
25 204.80 26.46 129.19 10.46
26 210.42 26.80 127.36 10.68

continued ...



p = 1560 kg/m^

Number
of
Test

Cross- 
Section 
Area 

(A) mm^

Failure 
Load 
(Pp) kN

Failure 
Stress 

(pf) N/mm^

Static 
Elastic 
Modulus 
(Eg) kN/imZ

27 214.12 28.99 135.39 11.22
28 231.70 27.38 118.17 10.30
29 226.38 28.41 125.49 10.86
30 242.14. 29.42 121.49 11.17
31 200.20 29.26 146.15 11.26
32 212.16 30.46 143.57 10.70
33 228.14 31.18 136.67 11.14
34 214.17 32.46 151.56 10.42
35 242.10 28.15 116.27 11.18
36 236.78 27.32 115.38 10.81
37 242.14 29.63 122.36 11.21
38 212.86 23.07 108.38 10.62
39 224.42 30.99 138.08 10.84
40 200.98 20.43 101.65 10.87
41 210.00 21.50 102.38 10.90
42 213.14 23.99 112.55 10.98



TABLE 4.7: Test results for the static elastic modulus and the
failure stress for CSM + WR (6 + 4) ply

Number
of

Test

Cross- 
Section 
Area 

(A) mmZ

Failure 
Load 
(Pp) kN

Failure 
Stress 

(pf) N/mmZ

Static 
Elastic 
Modulus 
(Eg) kN/mmZ

1 376.18 51.92 138.02 10.32
2 342.34 47.29 138.14 11.74
3 362.00 46.77 129.3 11.15
4 351.24 45.69 130.10 12.10
5 357.09 50.78 142.22 11.50
6 381.12 56.23 147.54 11.26
7 362.40 50.09 138.22 11.17
8 347.65 48.53 139.60 11.32
9 328.14 43.81 133.52 .10.97
10 354.02 50.53 131.60 12.14
11 342.08 49.70 145.31 11.64
12 338.44 51.44 152.0 ' 11.08
13 345.14 49.11 142.3 10.50
14 376.12 55.85 148.50 11.48
15 333.80 44.66 133.81 11.87
16 376.10 49.79 132.40 11.66
17 351.14 48.95 139.42 11.49
18 384.02 56.15 146.24 11.24
19 348.70 52.00 149.15 10.90
20 374.12 53.55 143.14 11.14
21 354.68 48.66 137.20 11.81
22 342.18 45.88 134.10 11.52
23 335.80 46.18 137.54 10.44
24 385.23 56.63 147.02 11.28
25 384.01 55.75 145.20 11.62
26 350.76 49.14 140.12 11.76

continued ...



p = 1560 kg/m^

Number
of
Test

Cross- 
Section 
Area 

(A) mm^

Failure 
Load 
(Pf) kN

Failure 
Stress 

(pf) N/mmZ

Static 
Elastic 
Modulus 
(Eg) kN/irm̂

27 383.58 54.29 141.54 11.58
28 317.17 43.29 136.51 11.84
29 343.59 46.86 136.40 11.44
30 353.27 50.91 144.12 .11.21
31 324.22 47.10 145.29 11.25
32 354.65 51.53 145.30 10.94
33 356.61 50.78 142.42 10.78
34 362.00 51.91 143.40 10.72
35 385.16 52.27 135.72 11.10
36 386.08 52.53 136.8 11.29
37 300.99 42.99 141.20 11.34
38 339.43 47.56 140.14 10.74
39 380.36 53.25 140.01 10.83
40 311.09 43.69 140.10 11.16
41 327.57 46.73 142.61 11.12
42 415.81 59.67 143.51 11.43 I
43 351.35 48.87 139.10 11.33 1
44 350.10 47.29 135.10 10.88 1i
45 349.15 47.20 135.20 10.67
46 321.16 45.38 141.32 11.04
47 308.70 43.74 141.72 11.42
48 314.40 44.51 141.60 11.31



TABLE 4,11: Test Results for the measurement of dynamic elastic
modulus for CSM 3 ply

p = 1450 kg/m^

Number
of

Test

Time 
10-6 
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

1Q3 
(V) m/sec

Dynamic 
Elastic 
Modulus 
(Ej) kN/im^

1 34.2 102.0 2.980 . 12.88
. 2 35.5 103.0 2.898 12.18

3 36.7 102.0 2.774 11.16
4 35.8 101.0 2.814 11.49
5 34.9 102.0 1.916 12.33
6 35.9 103.0 2.865 11.91
7 34.3 101.0 2.943 12.56
8 34.8 101.0 2.895 12.16

, 9 36.2 102.0 2.812 11.47
10 36.2 101.0 2.785 11.25
11 35.2 103.0 2.923 12.39
12 35.5 102.0 2.870 11.95
13 35.2 103.0 2.924 12.40
14 35.7 102.0 2.855 11.82
15 36.9 103.0 2.784 11.24
16 34.0 101.0 2.964 12.74
17 35.2 102.0 2.892 12.13
18 36.2 103.0 2.843 11.72
19 35.5 104.0 2.925 12.41
20 35.2 101.0 2.864 11.90
21 36.0 102.0 2.830 11.62
22 34.7 103.0 2.969 12.79
23 35.6 101.0 2.833 11.64
24 36.3 101.0 2.780 11.21
25 34.6 102.0 2.945 12.58
26 35.5 103.0 2.894 12.15

continued ..



p = 1450 kg/m^

Number
of

Test

Time 
10" 6 
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

10 3 
00 m/sec

Dynamic 
Elastic 
Modulus 
(Ej) kN/mn^

27 35.9 101.0 2.811 11.46
28 36.1 102.0 2.818 11.52
29 35.2 101.0 2.868 11.93
30 35.8 102.0 2.845 11.74
31 35.0 102.0 2.913 12.31
32 35.3 101.0 2.858 11.85
33 34.8 101.0 2.987 12.17
34 35.9 102.0 2.836 11.67
35 36.6 103.0 2.810 11.45
36 36.3 101.0 2.776 11.18
37 36.5 102.0 2.794 11.32
38 34.9 102.0 2.917 12.34
39 36.2 103.0 2.839 11.69
40 35.2 103.0 2.919 12.36
41 35.1 102.0 2.899 12.19
42 36.0 103.0 2.861 11.87



TABLE 4.12: Test results for the measurement of dynamic elastic
modulus for CSM 6 ply

p = 1450 kg/m3

Number
of
Test

Time 
10" 6 
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

103 
(V) m/sec

Dynamic 
Elastic 
Modulus 
(Ê j) kN/mm^

1 68.5 200.0 2.916 12.33
2 69.4 199.0 2.867 11.92
3 71.2 199.2 2.794 11.32
4 28.9 198.6 2.881 12.04
5 70.6 198.4 2.808 11.44
6 67.8 198.2 2.919 12.36
7 69.3 200.0 2.863 12.06
8 70.7 199.6 1.621 11.54
9 67.5 • 197.4 2.921 12.38
10 68.0 199.0 2.925 12.41
11 70.4 199.0 2.825 11.58
12 69.0 199.4 2.887 12.09
13 69.1 199.6 2.888 12.10
14 68.3. 200.2 2.927 12.43
15 . 70.4 200.0 2.838 11.68
16 68.8 199.0 2.889 12.11
17 67.7 198.8 2.934 12.49
18 69.7 198.6 2.849 11.77
19 ' 68.8 199.0 2.892 12.13
20 67.7 199.0 2.936 12.50
21 70.1 200.0 2.850 11.78
22 69.1 200.0 2.894 12.15
23 67.9 199.6 2.937 12.51
24 69.9 199.4 2.851 11.79
25 68.6 198.8 2.897 12.17
26 67.7 200.0 2.952 12.64

continued ..



p = 1450 kg/m3

Number
of

Test

Time
10"G
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

103 
(V) m/sec

Dynamic 
Elastic 
Modulus 
(Ejj) kN/mmZ

27 69.8 199.6 2.857 11.84
28 68.5 199.0 2.901 12.21
29 69.5 198.8 2.858 11.85
30 67.5 200.0 2.959 12.70
31 68.5 199.0 2.904 12.23
32 69.5 199.0 2.861 11.87
33 67.5 200.0 2.961 12.72
34 68.4 198.8 2.906 12.25

■ 35 69.5 199.0 2.862 11.88
36 67.7 201.0 2.968 12.78
37 68.4 199.4 2.913 12.31
38 69.4 199.0 2.864 11.90
39 67.2 200.0 2.975 12.84
40 66.6 199.0 2.985 12.92
41 68.2 200.0 2.930 12.45



TABLE 4,13: Test Results for the measurement of dynamic elastic
modulus for CSM + WR (3 + 2) ply

p = 1560 kg/m3

Number
of

Test

. Time 
10"^ 
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

103 
(V) m/sec

Dynamic 
Elastic 
Modulus 
(Ejj) kN/mmZ

1 62.9 199.0 3.162 15.62
2 64.9 199.0 3.064 14.65
3 64.3 199.0 3.092 14.92
4 63.5 199.0 3.131 15.30
5 66.7 199.0 2.980 13.86
6 65.2 199.0 3.049 14.51
7 63.7 199.0 3.122 15.21
8 64.2 199.0 3.097 14.97
9 62.4 199.0 3.186 15.84
10 65.4 199.0 3.041 14.43
11 66.2 199.0 3.006 14.10
12 65.3 199.0 3.045 14.47
13 63.8 199.0 3.116 15.15
14 62.8 199.0 3.167 15.65
15 66.0 199.0 3.012 14.16
16 64.7 199.0 3.071 14.72
17 64.5 199.0 3.082 14.82
18 63.2 199.0 3.145 15.43
19 66.1 199.0 3.010 14.14
20 63.7 199.0 3.120 15.19
21 65.4 199.0 3.042 14.44
22 65.8 199.0 3.021 14.23
23 63.2 199.0 3.147 15.45
24 63.6 199.0 3.128 15.27
25 63.8 199.0 3.118 15.17
26 64.9 199.0 3.065 14.66

continued .



p = 1560 kg/m^

Number
of

Test

Time 
10-6 
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

103 
00 m/sec

Dynamic 
Elastic 
Modulus 
(Ej) kN/irm̂

27 63.3 199.0 3.142 15.41
28 65.4 199.0 3.039 14.41
29 64.3 199.0 3.067 14.68
30 65.6 199.0 3.029 14.32
31 63.8 199.0 3.119 15.18
32 63.9 199.0 3.112 15.11
33 65.0 199.0 3.061 14.62
34 65.9 199.0 3.018 14.21
35 64.9 199.0 3.062 14.63
36 64.3 199.0 3.093 14.93
37 63.7 199.0 3.124 15.23
38 63.9 199.0 3.114 15.13
39 64.5 199.0 3.085 14.85
40 64.5 199.0 3.083 14.83
41 64.4 199.0 3.090 14.90
42 65.6 199.0 3.033 14.36



TABLE 4.14: Test results for the measurement of dynamic elastic
modulus for CSM + WR (6 + 4) ply

p = 1560 kg/m^

Number
of

Test

Time 
10” 6 
(t) sec

Length 
of 

Specimen 
(L) irnn

Velocity 
of wave 

1Q3 
00 m/sec

Dynamic 
Elastic 
Modulus 
(Ejj) kN/mmZ

1 61.5 199.0 3.234 16.32
2 62.5 198.0 3.167 15.65
3 61.9 198.0 3.196 15.94
4 63.2 196.0 3.098 14.98
5 61.8 196.0 3.170 15.68
6 60.5 196.0 3.235 16.33
7 61.9 198.0 3.198 15.96
8 63.2 197.0 3.113 15.12
9 62.3 198.0 ' 3.174 15.72
10 61.4 199.0 3.237 16.35
11 61.8 198.0 3.200 15.98
12 63.8 199.0 3.117 15.16
13 62.3 198.0 3.176 15.74
14 61.1 198.0 3.239 16.37
15 61.8 198.0 3.201 15.99
16 63.3 198.0 3.125 15.24
17 61.2 196.0 3.202 16.00
18 62.6 199.0 3.178 15.76
19 61.1 198.0 3.240 16.38
20 63.1 198.0 3.136 15.35
21 62.1 200.0 3.216 16.14
22 63.3 199.0 3.143 15.42
23 60.8 198.0 3.256 16.54
24 62.1 198.0 3.184 15.82
25 60.9 196.0 3.217 16.15
26 61.4 196.0 3.187 15.85

continued ..



p = 1560 kg/m^

Number
of

Test

Time 
10” G 
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

1Q3 
(V) m/sec

Dynamic 
Elastic 
Modulus 
(Ej) kN/mn^

27 60.1 196.0 3.260 16.58
28 62.8 198.0 3.151 15.49
29 61.7 197.0 3.190 15.88
30 60.6 198.0 3.264 16.62
31 63.0 199.0 3.154 15.52
32 61.4 198.0 3.222 16.20
33 62.3 199.0 3.193 15.91
34 60.5 198.0 3.268 16.67
35 62.7 - 198.0 3.156 15.54
36 61.3 198.0 3.225 16.23
37 61.6 199.0 3.228 16.26
38 61.6 197.0 3.194 15.92
39 60.4 198.0 3.273 16.72
40 62.9 199.0 3.159 15.57
41 60.3 198.0 3.279 15.78
42 61.5 199.0 3.231 16.29
43 62.2 199.0 3.195 15.93
44 62.6 198.0 3.162 15.60
45 61.3 197.0 3.212 16.10
46 62.2 198.0 3.179 15.77
47 61.4 199.0 3.241 16.39
48 63.3 199.0 3.139 15.38



TABLE 4.15: Test results for the measurement of dynamic elastic
modulus for WR 10 ply

p = 1650 kg/m^

Number
of
Test

Time 
10” 6 
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

1Q3 
(V) m/sec

Dynamic 
Elastic 
Modulus 
(Ej) kN/nm^

1 55.4 199.2 3.594 21.32
2 51.9 199.5 3.837 24.30
3 51.5 199.0 3.862 24.62
4 56.6 210.0 3.709 22.71
5 50.7 199.0 3.920 25.36
6 52.7 199.4 3.777 23.54
7 54.8 200.0 3.646 21.94
8 52.4 199.6 3.803 23.87
9 54.6 210.0 3.840 24.34
10 52.4 199.0 3.797 23.80
11 54.1 199.8 3.691 22.48
12 55.4 200.0 3.604 21.44
13 51.7 199.2 3.848 24.44
14 53.0 199.4 3.761 23.34
15 51.3 199.6 3.886 24.92
16 53.0 199.2 3.756 23.28
17 52.0 200.0 3.843 24.38
18 52.5 201.0 3.825 24.15
19 52.7 200.0 3.793 23.74
20 53.7 199.0 3.702 22.62
21 54.8 199.6 3.639 21.86
22 52.0 199.4 3.831 24.22
23 50.7 199.0 3.925 25.43
24 52.1 200.0 3.838 24.32
25 52.7 200.0 3.788 23.68
26 53.9 199.0 3.692 22.50

continued .



p = 1650 kg/m^

Number
of

Test

Time ' 
10-G 
(t) sec

Length 
of 

Specimen 
(L) mm

Velocity 
of wave 

10 3 
00 m/sec

Dynamic 
Elastic 
Modulus 
(Ej) kN/mmZ

27 54.9 201.0 3.659 22.10
28 51.9 200.0 3.853 24.50
29 51.2 199.4 3.892 25.00
30 53.4 199.0 3.720 22.84
31 53.0 200.0 3.767 23.42
32 52.8 199.4 3.772 23.48
33 51.4 199.6 3.881 24.86
34 54.2 199.0 3.671 22.24
35 52.4 199.0 3.791 23.72
36 52.5 199.6 3.795 23.77
37 51.6 199.4 3.858 24.56
38 51.4 199.0 ’ 3.869 24.70
39 52.9 199.0 3.757 23.30
40 52.8 200.0 3.285 23.64
41 55.3 200.0 3.611 21.52



TABLE 4.16: Test results for the measurement of dynamic elastic
modulus for WR 5 ply

p = 1650 kg/m3

Number
of

Test

Time 
10-6 
(t) sec

Length 
of 

Specimen 
(L) imn

Velocity 
, of wave 

103 
00 m/sec

Dynamic 
Elastic 
Modulus 
(Ejj) kN/mn^

1 60.5 228.0 3.767 23.42
2 61.4 228.4 3.718 22.82
3 62.3 229.0 3.672 22.26
4 63.0 228.6 3.628 21.72
5 62.5 228.0 3.646 21.94
6 60.7 228.2 3.757 23.30
7 61.9 229.1 3.701 22.61
8 61.8 228.4 3.690 22.47
9 61.4 228.4 3.715 22.78

10 61.2 228.0 3.722 22.87
11 60.7 229.0 3.772 23.48
12 62.9 228.6 3.631 21.76
13 61.7 228.4 3.696 22.54
14 60.7 278.0 3.751 23.22
15 61.8 228.0 3.686 22.42
16 61.9 228.4 3.684 22.40
17 62.9 229.0 3.638 21.84
18 62.0 228.4 3.682 22.37
19 61.1 228.2 3.730 22.96
20 60.9 228.0 3.742 23.11
21 60.7 228.0 3.755 23.27
22 61.1 228.6 3.740 23.09
23 61.3 228.6 3.727 22.92
24 61.6 228.6 3.708 22.69
25 62.0 228.0 3.677 22.31
26 61.8 228.4 3.693 22.51

continued ..



p = 1650 kg/m^

Number
of

Test

Time 
10-6 
(t) sec

Length
of

Specimen 
(L) mm

Velocity 
of wave 

103 
00 m/sec

Dynamic 
Elastic 
Modulus 
(Ejj) kN/mmZ

27 62.6 228.2 3.643 21.90
28 61.0 229.0 3.753 23.25
29 60.9 228.0 3.738 23.06
30 61.8 228.0 3.687 22.44
31 61.8 228.4 3.693 22.51
32 61.5 228.4 3.713 22.75
33 61.2 228.0 3.721 22.85
34 61.1 228.6 3.741 23.10
35 61.1 228.4 3.736 23.04
36 61.2 228.0 3.725 22.90
37 61.8 229.0 3.704 22.64
38 62.3 229.0 3.671 22.24
39 62.0 228.4 3.679 22.34
40 61.8 228.4 3.692 22.50
41 61.4 228.0 3.712 22.74
42 61.7 228.4 3.700 22.60
43 62.1 229.0 3.686 22.43
44 61.5 228.0 3.706 22.67
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Specimen
No.

Failure 
Load 

Pf kN

Overlap
£
mm

Width
b
mm

Cure
Bonding
Area

£ X b mm^

Shear 
Stress 

T N/mm^

1 ' 4.66 30.0 18.0 540 8.62
2 4.62 30.0 18.0 540 8.55
3 6.00 30.0 19.0 570 10.52
4 4.10 30.0 20.0 600 6.83
S 4.52 30.0 20.0 600 7.53
6 6.22 30.0 18.0 540 ■ 11.51
7 4.22 30.0 20.0 600 7.03
8 5.32 . 30.0 20.0 600 8.86
9 4.88 30.0 20.0 600 8.13
10 4.80 30.0 20.0 600 8.00
11 4.40 30.0 18.0 540 8.14
12 3.80 29.0 20.0 580 6.55
13 5.96 30.0 20.0 600 9.93
14 6.51 28.0 20.0 560 11.62
15 3.80 30.0 20.0 600 6.33
16 5.16 29.0 20.0 580 8.89
17 4.52 30.0 19.0 570 7.92
18 4.68 30.0 20.0 600 7.80
19 6.80 30.0 20.0 600 11.. 33

Mean
Value

4.99 29.7 19.47 580 8.63

Standard
Deviation

0.90 - - - 1.64

TABLE 5.4: Shear Strength Tests of Cure Bonding



Panel
No.

Top 
Corrugation 
C.S.M. W.R.

Bottom 
Corrugation 
C.S.M. W.R.

A
m%

Y
mm

Single
Corrugation

I
10^ mm^

A
mm^

Y
mm

■■
Single

Corrugation
I

10^ mm^

5A 3 - 6 - 1402 27.4 0.97 1388 23.95 0.92

8 B 3 - 6 - 1402 28.0 1.05 1212 23.45 0.81

12 C . 3 - 6 - 1402 27.1 0.94 1219 27.44 0.83
6  A 5 - 10 - 2180 28.1 1.61 2170 30.00 1.58
9 B 5 - 10 - 2180 28.3 1.66 2077 28.53 1.50

14 C 5 - 10 - 2180 27.9 1.59 1934 28.15 1.37
3A 2 1 4 2 1402 27.4 0.97 1671 25.00 1.10
10 B 2 1 4 2 1402 28.2 1.07 1221 27.20 0.91
13 C 2 1 4 2 1402 28.0 1.04 1139 27.29 0.81

7 A 3 2 6 4 2180 28.2 1.64 2054 27.60 1.49

11 B 3 2 6 4 2180 28.6 1.70 1993 28.69 1.50

15 C 3 2 6 4 2180 28.2 1.63 2063 29.20 1.49

based on 1 mm 
lamination

From measured 
thickness

TABLE 6.1: Section Constants for the Short Panels



TABLE 6.2

Section constants for the long panels

Panel 17 18 19 20

Thickness in mm 1 5.0 4.5 6.8(-4.0) 5.75
2 4.5 4.8 4.2 3.75
3 4.5 4.85 4.3 5.6
4 8.2 14.16 10.6 13.2

Area A mm^ 2180 2298 2346 2471

2 Ntoment I 10^ mm^ 1.70 1.76 (1.4) 1.82

y from top mm 28.7 34.2 28(35) 32.2

The thickness is numbered as Figure 6.4.
The values given are for one corrugation of the three in each panel. 
The top surface of panel 19 includes two luminations of Firet filling 
of 2.0 mm thickness which make little contribution to strength.



TABLE 6.3

Concentrated Wheel Load Tests on 12 Short Panels

Comparison of experimental and theoretical deflections at 7 kN wheel 
load.

Experimental values are derived from the slope of the load/deflection 
graphs from tests.

Theoretical values use section properties based on measured thickness 
with E = 10.7 kN/mm^ for mixed W.R./C.S.M. and 9.0 kN/mm^ for C.S.M. 
(see Table 4.9).

Panel
No.

Top 
Corrugation 
C.S.M. W.R.

Bottom 
Corrugation 
C.S.M. W.R.

Test Def. 
mm

Theory Def. 
mm

5 A 3 6 1.98 2.17
8B .3 6 2.52 2.48

12 C 3 6 2.45 2.40
6 A 5 10 1.51 1.27
9 B 5 10 1.13 1.31
14 C 5 10 2.00 1.47
3 A 2 1 4 2 1.40 1.52

10 B 2 4 2 2.02 1.86
13 C 2 1 4 2 2.12 2.05
7 A 5 2 6 4 1.04 1.12

11 B 3 2 6 4 1.13 1.12
15 C 3 2 6 4 1.10 1.13



TABLE 6.4

Tests on Twelve G.R.P. Panels with Three Corrugations

Central Load across Full Width 
Half Scale at 500 mm x 600 mm

Panel
No.

Top 
Corrugation 
C.S.M. W.R.

Bottom 
Corrugation 
C.S.M. W.R.

Test
Def.
at 

10 kN 
mm

1.8 X ISO 
Calc. 
Equiv. 
Def. 
mm

Elastic Mod. Test
Load
Max.
kN

Test
Stress
N/mm^

E
Plys

E
Thickness

kN/mm^

5 A 3 6 1.78 29.5 7.82 8.24 35 >53

8B 3 6 2.11 35 6.09 7.90 26F 74.4
12 C 3 6 2.32 38.5 6.19 7.01 19F 47.5

6 A 5 10 1.04 17 8.06 8.22 60 >81

9 B 5 10 1.02 17 7.79 8.82 50 >76

14 C 5 10 1.14 19 7.45 8.64 50 >81

3 A 2 1 4 2 1.14 19 12.25 10.77 50 >105

10 B 2 1 4 2 1.65 27.5 7.87 8.99 23.4F 55.6

13 C 2 1 4 2 1.93 32 6.73 8.64 29F 75.6

7  A 3 2 6 4 1.06 17.5 7.78 8.55 80 >123

11 B 3 2 6 4 .90 14.8 8.86 10.00 60 >91

15 C 3 2 6 4 .88 14.6 9.41 10.30 80 >119

Required deflection 12 to 15 mm 

Elastic modulus from Table 4.9 C.S.M. E = 8.3 kN/mm^ 
C.S.M./W.R. E = 10.7 kN/mm^

F indicates failure types
Polyester A A283/270 High Cost 

B A265/500B Low Cost 
C A2785 CV



TABLE 6.5

Tests on the 2nd Series G.R.P. Panels

The panels have three corrugations in the 0.5 m width and 1.2 m 
length.
The polyester resin is A 265/500 B.
Panel 21 is a suggested new design based on calculations.

Panel No. 17 18 19 20 21

Panel Construction

Top C.S.M.
W.R.
Firet

Corr g. C.S.M.
W.R.

Bottom C.S.M. 
A d d i t i o n n a i

Linrov 12 12 12

Wheel Load Tests

Deflection at 7 kN mm 11.2 9.4 7.9 8.4
(damage)

Equivalent Distributed 
Load Tests
Load applied kN

Deflection mm

Equiv. ISO deflection 
at 1.8 X 22 T mm

20 25 25

10.5 8.6 11.5

10.52 7.28

Elastic modulus kN/mm^ 10.95 15.26

9.74

11.4
(14.3)

25

8.5

7.20 9.5

14.94 15

ISO Max stress N/mm^ 78 66 76(82) 67 84



TABLE 6.6

Weight and Cost of Panel Materials

6.6/1 Area of material in a panel 1.2 m x .5m with 5 corrugations

Area of flat top = 1.2 x .5 = .6 m%
Total corrugation area = 1.2 x .75 = . 9 m ^
Bottom reinforcing = 1.2 x .055 x 3 = .2 m^

6.6/2 Materials used in the panels

Chopped Strand Mat - C.S.M. is
Scandinavian Glass-Fibre Limited Mk 12 at 450 g/m% 
Used with 2 resin to 1 glass by weight.
Woven Rovings - W.R. is
Fothergill and Harvey Y.920 at 830 g/m^
Used with 1 resin to 1 glass by weight.
Linrov Unidirectional tape at 600 g/m^
Used with 1 ream to 1 glass by weight.
Polyester resin is specification A 265/500 B.

6.6/3 Cost of panel materials

The possible costs are: (at October 1979)

C.S.M. £1.10/Kg
W.R. £1.33/Kg
Linrov £1.25/Kg
Polyester £0.77/Kg



TABLE 6.7

Weight and Cost Estimates for the Panels and a Container Floor

The panel construction is from Table 6.5.
Weight and cost estimates for materials from Table 6.6.
A 20 ft X 8 ft container floor is 14.4 m^ requiring 24 panels of 
0.6 m^ and with 2 x on depth requires a factor of 48 x panel.
Panel 21 is a proposed new design.

Panel No. 17 18 19 _ 20 21
Weight C.S.M. kg 2.28 2.01 1.74 1.20 1.20

W.R. kg 2.84 2.50 1.50 4.00 3.00
Linrov kg - 1.44 1.44 1.44 .96
Resin kg 7.40 7.96 8.02 7.84 6.36

Panel Weight kg 12.52 13.91 12.70 14.40 11.52
Actual Weight kg 12.3 13.1 12.7 14.8 -

Cost C.S.M. £ 2.5 2.21 1.91 1.32 1.32
W.R. £ 3.78 3.32 2.00 5.32 4.00
Linrov £ - 1.80 1.80 1.80 1.20
Resin £ 5.70 6.13 6.17 6.04 4.90

Panel Cost £ 11.99 13.46 11.88 14.48 11.42
Floor Cost £ 576 646 570 695 548
Floor Weight kg 601 668 610 695 553
Cost/T £ 958 967 934 1000 991

Panel 19 includes 1.6 kg of polyester to allow for Firet and polyester, 
No labour costs are included.
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Specimens 2" wide including:

(aj 5 ply 
(h) 10 ply

830 g/m? woven 
roving/polyester

(c) 2/' hüld Steel
(d) 2 " Glasonit-GRP faced Pl)yvood 
(c) .'\lnminium Sheets

GRl̂  has rough [R) and Smooth (S) faces

Overlap 1", 1", 2", 3", 4"

Packing bonded to specimen 
to give straight pull

PIC'TRP 3.13: lest Specimens for PciTi'ibond P.O.4 Joint: 
for GRJ’ nJuminiur.;, Steel and Ciasonit
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FIGURE 4.25 ELASTIC MODULUS DATA FOR THE THREE 
TYPES OF G.R.R MATERIALS
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/ STA.ELAS.M0D.KN/MMT2 "j  1 1 1   ^T T
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FIGURE 4.33: s t a t i s t i c a l  DISTRIBUTION OF STATIC

CLASTIC MODULUS FOR C.S.M. 3 PLY

Number
of

Sample

Sta. Bias 
Modulus 
KN/mm^

Number
of

Sample

Sta.Elas.
Modulus
KN/mm*

Number
of

Sample

Sta. Bias. 
Modulus 
KN/mm^:

Number
of

‘Sample

Sta. Bias. 
Modulu s 
KN/mm^

1 8.39 12 7.55 23 8.82 34 8.58
2 9.18 13 8.42 24 8.17 35 8.71
3 8.36 14 8.16 25 7.94 36 8.61
4 8.20 15 8.91 26 7.79 37 8.22
5 7.92 16 9.32 27 8.57 38 8.10
6 8.63 17 8.50 28 8.90 39 8.31
7 7.25 18 8.15 29 8.52 40 8.19
8 8.78 19 7.96 30 8.74 41 8.98
9 9.38 20 7.76 31 7.70 42 8.59

1.0 8.66 21 7.59 32 8.34
11 8.56 22 9.11 33

j

9.10
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i  I
II>>

% C.S.M.6 PLY.592

.206

821

» â
435 _ y

_ ' STA.ELAS.M0D.KN/MMÎ2 \

y

a

8.58

0.250

8
__j ; I I “ T

8.2 0.5 8.7 8.9

FIGURE 4.34; STATISTICAL DISTRIBUTION OF STATIC 

ELASTIC MODULUS FOR C.S.M. 6 PLY

Number
of

Sample

s ta . Bias
Modulus 
K N/mm^

Number
of

Sample

Sta. Bias. 
Modulus 
KN/mm*

Number
of

Sample

Sta. Bias. 
Modulus 
KN/mm^

Number
of

Sample

Sta. Bias. 
Modulus 
KN/mm*

1 8.59 12 8.68 23 8.49 34 8.57
2 8.75 13 9.01 24 8.76 35 8.37
3 8.52 14 8.73 25 8.81 36 8.26
4 9.10 15 8.56 26 8.82 37 8.71
5 8.08 16 8.47 27 8.53 38 8.27
6 8.39 17 8.41 28 8.58 39 8.85
7 8.61 18 9.07 29 8.66 40 8.83
8 8.65 19 8.63 30 8.24 41 8.33
9 9.04 20 8.45 31 8.51

10 8.18 21 8.34 32 8.74
a 8.15 22 8.44 33 8XW
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zL
II

948

718

488

258

CSM+WR(3+2)PLY

/ STA. ELAS. MOD. KN/MM f2 ",
r ------------ 1------------- 1---------------- 1-----------1 - r

9.9 10.2 10.6 II 11.4

y  =  10-80

a =  0-420

FIGURE 4.55: STATISTICAL DISTRIBUTION OF STATIC

ELASTIC MODULUS FOR CSM+WR (3+2) PLY

Number
of

Sample

Sta. Bias. 
Modulus 
K N/mm^

Number
of

Sample

Sta. Bias. 
Modulus 
KN/mm^

Number
of

SafTple

Sta.Blasj 
Modulus 1 
KN/mm^

Number
of

Sample

Sta. Bias. 
Modulus 
KN/mm^

1 10.74 12 10.65 23 11.02 34 10.42

2 9.90 13 10.28 24 11.06 35 11.18
3 10.25 14 11.30 25 10.46 36 10.81

4 11.11 15 11.45 26 10.68 37 11.21
5 10.48 16 10.94 27 11.22 38 10.62

6 11.08 17 10.45 28 10.30 39 10.84

7 10.51 18 11.42 29 10.86 40 10.87

8 10.18 19 11.10 30 11.17 41 10.90

9 10.10 20 10.15 31 11.26 42 10.98

10 11.32 21 10.39 32 1 0 . ^

11 11.63 22 10.61 33 11.14
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FIGURE 4.36: STATISTICAL DISTRIBUTION OF STATIC 

ELASTIC MODULUS FOR CSM+W R(6^4) PLY

Number
of

Sample

Sta. Etas. 
Modulus 
KN/mmr

Number
of

Sample

Sta.Elas.
Modulus
KN/mm*

Number
of

Sample

Sta. Bias- 
Modulus 
KN/mm'

Number
of

Sample

Sta. Bias 
Modulus 
KN/mm*

1 10.32 13 10.50 25 11.62 37 11.34

2 11.74 14 11.48 26 11.76 38 10.74

3 11.15 15 11.87 27 11.58 39 10.83

4 12.10 16 11.66 28 11.84 40 11.16

5 11.50 17 11.49 29 11.44 41 11.12

6 11.26 18 11.24 30 11.21 42 11.43

7 11.17 19 10.90 31 11.25 43 11.33

8 11.32 20 11.14 32 10.94 44 10.88

9 10.97 21 11.81 33 10.78 45 10.67

10 12.14 22 11.52 34 10.72 46 11.04

11 11.64 23 10.44 35 11.10 47 11.42

12 11.08 24 11.28 36 11.29 48 11.31
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829
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W.R.5 PLY

y  =  15.5 5

a  =  0-A 8 0

J STA.ELAS.M0D.KN/MMf2 «
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FIGURE 4.37: STATISTICAL DISTRIBUTION OF STATIC

ELASTIC MODULUS FOR W.R. 5 PLY

Number
of

Sample

Sj-Q.Elas
Modulus
KN/mm^

Number
of

Sample

Sta. Bias.
Modulus
KN/mm^

Number
of

Sample

Sta. Bias. 
Modulus 
KN/mm^

Number
o f

Sample

Sta. Bias. 
Modulus 
KN/mmF

1 15.92 12 16.30 23 15.54 34 15.74

2 14.67 13 15.68 24 15.19 35 15.25

3 16.44 14 14.43 25 14.84 36 15.72

4 16.16 15 15.90 26 15.87 37 15.63

5 15.49 16 15.61 27 14.62 38 16.10

6 15.10 17 14.87 28 16.17 39 15.66

7 15.86 18 16.24 29 15.81 40 15.94

8 15.27 19 16.12 30 15.32 41 15.43

9 15.42 20 15.52 31 15.24 42 15.64

10 15.17 21 14.82 32 16,13 43 15.48

11 15.21 22 15.16 33 15.91 44 15.84



to

II
>S

8 4 6 9 9 9 9 9 9

6 4 1

W . R . 10 PLY

436

231  ^

J  5TA.ELAS.M0D.KN/MMf2 S.

y
a

15.92

0.670

^-------'------ r
14.9 15.3 15.7 16.2 16.6

FIGURE 4.38: STATISTICAL DISTRIBUTION OF STATIC 

ELASTIC MODULUS FOR W.R. 10 PLY

Number
of

Sample

Sta. EIqSl 
Modulus 

1 KN/mmF

1 Number 
1 of 
Sample

Sta. Elas- Number 
Modulus of 
KN/mm^iSample

Sta. Elasj 
Modulus 
1 KN/mm^

Number
of

Sample

Sta. Elas. 
Modulus 
KN/mmF

1 14.79 12 15.16 23 16.74 34 16.24
2 15.62 13 16.12 24 15.36 35 15.55
3 16.34 14 16.57 25 16.18 36 16.26
4 15.94 15 15.39 26 15.84 37 15.88
5 16.38 16 15.74 27 16.78 38 15.57
6 15.68 17 16.14 28 15.46 39 15.92
7 15.12 18 15.76 29 16.94 40 16.29
8 15.97 19 15.59 30 15.85 41 15.58
9 16.10 20 15.34 31 16.19

10 15.71 21 15.79 32 15.49
11 16.48 22 16.17 33 15.86
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841
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C.S.M.3 PLY
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a =QA73

•* DVN.ELflS.M0D.KN/MMf2
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FIGURE 4.39: STATISTICAL DISTRIBUTION OF DYNAMIC

ELASTIC MODULUS FOR C.S.M. 3 PLY

Number
of

Sample

Dyn-Elas.
Modulus

KN/hmF

Number
of

Sample

Dyn.Elas
Modulus

KN/mrif

Number
of

Sample

Dyn.Eia s. 
Modulus 

KN/mmF

Number
of

Sample

Dyn.Elas.
Modulus
KN/mmF

1 12.88 12 11.95 23 11.64 34 11.67
2 12.18 13 12.40 24 11.21 35 11.45

3 11.16 14 11.82 25 12.58 36 11.18
4 11.49 15 11.24 26 12.15 37 11.32

5 12.33 16 12.74 27 11.46 38 12.34

6 11.91 17 12.13 28 11.52 39 11.69

7 12.56 18 11.72 29 11.93 40 12.36

8 12.16 19 12.41 30 11.74 41 12.19

9 11.47 20 11.90 31 12.31 42 11.87

10 11.25 21 11.62 32 11.85

11 12.39 22 12.79 33 12.17
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I I

>N

.01

765

521

2 7 6

i i
.3 », C.S.M.6 PLY

| i  =  12.15 

a =0.39A
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FIGURE 4.40: STATISTICAL DISTRIBUTION OF DYNAMIC

ELASTIC MODULUS FOR C.SM. 6 PLY

Number
of

Sample

Dyn. Elas-jNurrber! Cyn.ElaslNurnberjDyn .Ela
Modulus 1 of 1 Modulus ^  of iMcduiusJ 

KN/frm" iSample' KN/tnfrf'^ample KN/mn-

Number! Dyn. Elas.
1 Modulus 

'Scmple' KN/fr,m"

1 12.33 12 12.09 23 12.51 34 12.25
2 11.92 13 12.10 24 11.79 35 11.88
3 11.32 14 12.43 25 12.17 36 12.78
4 12.04 15 11.68 26 12.64 37 12.31
5 11.44 16 12.11 27 ! 11.84i 38 11.90
6 ; 12.36 17 12.49 28 12.21 39 12.84
7 12.06 18 11.77 29 11.85 40 12.92
8 11.54 19 12.13 30 12.70 41 12.45
9 12.38 20 12.50 31 12.23
10 12.41 21 11.78 32 11.87
11 11.58 22 12.15 33 12.72
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zL
11

834

632

43

228

CSM+WR(3+2)PLV

[ i  =  U ,8 3  

0 =  0.477

p" DYN. ELAS. MOD. KN/MMT2 '
13.8 14.2 14.7 15.1 15.5

FIGURE 4.41: STATISTICAL DISTRIBUTION OF DYNAMIC

ELASTIC MODULUS FOR CSM.+W.R.( 3-^2 ) PLY

Number
of

Sample

Dyn.Elas-
Modulus

KN/mmF

Number 
of 

1 Sample

Dyn.Elas
Modulus

KN/mnf

Num,ben Dyn. Elas
^ of iModulus 
Samplei KN/mm-’

Number
of

iSomple

Dyn.Elas.
Modulus
KN/mm^

1 15.62 12 14.47 23 15.45 34 14.21

2 14.65 13 15.15 24 15.27 35 14.63

3 14.92 14 15.65 25 15.17 36 14.93

4 15.30 15 14.16 26 14.66 37 15.23

5 13.86 16 14.72 27 i 15.41 38 15.13

6 14.51 17 14.82 28 14.41 39 14.85

7 15.21 18 15.43 29 14.68 40 14.83

8 14.97 19 14.14 30 14.32 41 14.90

9 15.84 20 15.19 31 15.18 42 14.36

10 14.43 21 14.44 32 15.11

11 14.10 22 14.23 33 14.62
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II>S

89

675

459

243

CSM+WRC6+4)PLV

\i =  15.98 

a  =  0.AA7

•' DYN. ELAS. MOD. KN/MMT2 ",
15

-r-------1-------- 1-------- 1 T]
15.4 15.8 16.2 16.6

FIGURE 4.42: STATISTICAL DISTRIBUTION OF DYNAMIC

ELASTIC MODULUS FOR C.S.M.+W.Ri6-^A) PLY

Number
of

Sample

Dy n. ElasjNumbeH Dyn. ElaslNum.ber 
Modulus l^o f Modulus L  of

1 K N /m m - ^ P ^ o ;  KN/mif'Somple

Dyn .EIq siNumbeH Dyn. Elas. 
McduiusJ- of 1 Modulus 

KN/trm“ l^ompic! KN/fnm"

1 16.32 13 15.74 25 16.15 37 16.26
2 15.65 14 16.37 26 15.85 38 15.92

3 j 15.94 15 15.99 27 16.58 39 16.72
4 14.98 16 15.24 j 28 1 15.49 40 15.57
5 15.68 17 16.00 i 29 15.88 41 16.78
6 16.33 18 ' 15.76 30 16.62 42 16.29
7 15.96 19 16.38 31 15.52 43 15.93
8 15.12 20 15.35 32 16.20 44 15.60
9 15.72 21 16.14 33 15.91 45 16.10

10 16.35 22 15.42 34 16.67 46 15.77
11 15.98 23 16.54 35 15.54 47 16.39
12 15.16

!
24 15.82 36 16.23 ■ 48 15.38
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II

8932

6746 •aa

■

W.R. 5 PLY

456

^ 7 4

y  -- 22.26

O ’ =  0-446

DYN. ELAS. MOD. KN/MMf2 ",
— I---------- 1---------- 1---------- 1--- 4 r — T

.3 21.7 22.1 22.5 22.9 "
FIGURE 4 . 43 :  STATISTICAL DISTRIBUTION OF DYNAMIC

ELASTIC MODULUS FOR W.R. 5 PLY

Number
o f

Sample

Dyn.E las
Modulus

KN/mmF

Number
of

Sample

Dyn.Elas
Modulus

K N /n n f

Nunber
o f

Sample

D yn.E las  
Modulus 

: KN/mm^

Number
o f

Sample

Dyn.Elas.
Modulus
KN/fnm^

1 23.42 12 21.76 23 22.92 34 23.10

2 22.82 13 22.54 24 22.69 35 23.04

3 22.26 14 23.22 25 22.31 36 22.90

4 21.72 15 22.42 26 22.51 37 22.64

5 21.94 16 22.40 27 21.90 38 22.24

6 23.30 17 21.84 28 23.25 39 22.34

7 22.61 18 22.37 29 23.06 40 22.50

8 22.47 19 22.96 30 22.44 41 22.74

9 22.78 20 23.11 31 22.51 42 22.60

10 22.87 21 23.27 32 22.75 43 22.43

11 23.48 22 23.09 33 22.85 44 22.67
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zL
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361

274

186

W.R.10 PLY

y  =  23.56

a  =1 .10

097999.1^99 \
•* DYN.ELAS.M0D.KN/MMT2 " — ^ ------ 1 1--
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FIGIJRE^ 4 . 4 4 :  STATISTICAL DISTRIBUTION OF DYNAMIC

ELASTIC MODULUS FOR W.R. 10 PLY

Number
o f

Sample

Dyn-Elas-
Modulus

KN/mmr

Number
of

iSample

Dyn.ElQs
Modulus

KN/mmr

NumifeerlDyn.ElasiNLüTibor
-  o f iModulus o f 
Sample: KN/mm-l^omple

Dyn.Elas.
Modulus
KN/rmT

1 21.32 12 21.44 23 25.43 34 22.24
2 24.30 13 24.44 24 24.32 35 23.72
3 24.62 14 23.34 25 23.68 36 23.77
4 1 22.71 15 24.92 26 22.%] 37 24.56
5 25.36 16 23.28 27 22.DO 38 24.70
6 23.54 17 24.38 28 24.%] 39 23.30
7 21.94 18 24.15 29 25.00 40 23.64
8 23.87 19 23.74 30 22.84 41 21.52
9 24.34 20 22.62 31 23.42

10 23.80 21 21.86 32 23.48
11 22.48 22 24.22 33 24.86
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0 3 6
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C.S.N.3 PLY

y  = 7 2 .6 8  

( j  = 8 .3 0 0

FAILURE STRESS N/MMf2
55.3 62.8 70.4 78 85.6

FIGURE 4 . 4 5 :  STATISTICAL DISTRIBUTION OF TENSILE 
STRENGTH FOR C.S.M. 3 PLY

Numbor
of

Sample

FAILURE
SIt q s s

N/mm^

Number
of

Sample

FAILURE
Sfross

N /m nf

Number
o f

Sample

FAILURE
S f r e s s

N/mm^

Number
o f

Sample

FAILURE
S f r e s s

N/m m^

1 59.03 12 83.04 23 78.50 34 69.45

2 92.15 13 71.25 24 73.88 35 70.14

3 60.71 14 74.60 25 73.80 36 68.35

4 88.52 15 80.90 26 77.80 37 68.42

5 61.%] 16 65.30 27 75.40 38 67.15

6 87.10 17 72.30 28 76.20 39 68.24

7 62.20 18 74.32 29 77.32 40 73.50

8 85.78 19 80.20 30 73.50 41 71.40

9 63.80 20 79.42 31 72.60 42 69.39

10 85.60 21 65.45 32 70.20

11 64.45 22 66.32 33 69.72



iL
II>S

162

123

083

044

C.S.M.6 PLY

y  =  80.17 

a  =  2.4Z.9

^  FAILURE STRESS N/MMf2 ",
75 7 7 . 2  7 9 . 5  8 1 . 7  8 3 . 9

FIGURE 4 .46:  STATISTICAL DISTRIBUTION OF TENSILE

STRENGTH FOR C.S.M. 6 PLY

Number failure  
of I S f ro s s

Samplo! N/mm^

Nuilterj FAILURE
of ^^ross^

iSamplQi N/Tim“

Number

iSampIo

1 FAILURE 
S f r e s s

N /m  ^

iNun'.ber
! o f
ScmplO’

FAILURE
S fross

N/m

1 ! 83.36 12 82.10 23 79.84 i 24 78.10
2 1 80.42 13 84.52 24 8 1 .%  1i 35 76.39
3 ; 81.24 14 76.42 1 25 79.14 I 36 j 78.21
4 I 78.54 15 80.65 1 26 %ES4 ! 37 I 83.24
5 I 79.36 ! 16 82.36 27 77.39 38 81.90
6 1 81.54 17 82.60 28 75.15 i 39 84.26
7 85.32 18 79.63 29 77.90 40 78.65
8 76.55 19 80.14 30 83.49 41 80.31
9 79.21 20 77.43 31 81.92

10 80.92 21 77.80 32 80.54
11 82.42 22 79.42 33 78.32
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022

016

011

6E-03 i

, CSM+WR(3^2)PLV

y = z 1 3 0 .2 6  

<J = 1 7 .9 3 0

FAILURE STRESS N/MMf 2

" 92.7 109.1 125.4 141.8 159.1 —
FIGURE 4.47: STATISTICAL DISTRIBUTION OF TENSILE

STRENGTH FOR CSN + W.R.(3 + 2| PLY

Number
o f

Sample

FAILURE
Stress

N/mm“

Number
o f

jSample

FAILURE
Srress

N /m nf

Number
o f

Sample

FAILURE
S fre s s

N /m

Number 
o f  

Sampl e

FAILURE
S fress
H/n

1 98.90 12 154.36 23 123.59 34 151.56

2 141.48 13 164.79 24 132.35 35 116.27

3 117.36 14 1 168.36 25 129.19 36 115.38

4 128.56 15 139.69 26 127.36 37 122.36

5 159.07 1 16 1 133.58 27 135.39 38 108.38

6 124.47 17 126.25 28 118.17 39 138.08

7 137.18 18 145.67 29 125.49 40 101.65

8 105.79 19 158.66 30 121.49 41 102.38

9 131.49 20 99.57 31 146.15 42 112.55

10 114.47 21 119.78 32 143.57

11 148.17 22 144.45 33 136.67
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CSM+WR(6+4)PLY

04

021

y=uo.2i
O ’ =  5-100

, FAILURE S T R E S S  N/MMf2
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STENGTH FOR C.S.M.+ WR (6 + A) PLY

Number
of

Sample

^ ^ I L ^

N/mm^

Number
of

Sample

FAILURE
Sfress

N/mm^

Number
o f

Sample

FAILURE
S fre s s

N/mm^

Number 
o f  

Sam,pie

FAILURE
Sfress

N/ra

1 138.02 13 142.3 25 145.20 37 141.20

2 138.14 14 148.50 26 140.12 38 140.14

3 129.3 15 133.81 27 141.54 39 140.01

4 130.10 16 132.40 28 136.51 40 140.10

5 142.22 17 139.42 29 136.40 41 142.61

6 147.54 18 146.24 30 144.12 42 143.51

7 138.22 19 149.15 31 145.29 43 139.10

8 139.60 20 143.14 32 145.30 44 135.10

9 133.52 21 137.20 33 142.42 45 135.20

10 131.60 22 134.10 34 143.40 46 141.32

11 145.31 23 137.54 35 135.72 47 141.72

12 152.0 24 147.02 36 136 08 48 141.60
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FIGURE 4.49: STATISTICAL DISTRIBUTION OF TENSILE 

STRENGTH FOR W.R. 5 PLY

iNu.TbGfi FAILURE 
Of 1 Srress^

Sample! N/mm“

Number
of

'Sample

IFAILURE
Sfress

N/mmr

Number*
Qf S f re s s

jScmple' N/mm^

Number
o f

Sample

FAILURE
S fress
*

1 186.30 1 12 175.61 23 183.18 34 177.40
2 180.22 ! 13 179.30 24 174.06 35 181.60
3 176.22 14 175.42 25 178.16 36 188.24
4 184.26 15 184.00 1I 26 173.10 37 181.32
5 176.14 16 179.18 27 182.46 38 177.02
6 180.19 17 183.42 28 1 191.34 1 39 187.14
7 180.14 18 175.30 29 189.12 40 171.18
8 176.08 19 179.10 30 182.40 41 181.20
9 184.10 20 183.26 31 178.04 42 176.35
10 179.52 21 174.27 32 172.64 43 186.42
11 184.02 22 178.23 33 172.40 44 170.52
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FIGURE 4.50: STATISTICAL DISTRIBUTION OF TENSILE 

STRENGTH FOR W.R. 10 PLY

Number
of

Sample

FAILURE
S tress

N/mm^

Number 
of 

i Sample

FAILURE
Sfress

N/mm^

Number
o f

Sample

FAILURE
S fre s s

N /m

Number 
o f  

iSompI e

FAILURE
Sf ress

N /^ r r^

I 181.20 12 183.10 23 192.30 34 186.63
2 194.50 13 196.42 24 185.16 35 190.32
3 191.19 14 189.05 25 199.00 36 194.42
4 188.30 15 192.20 26 190.08 37 187.40
5 188.65 16 184.30 27 186.19 38 190.64
6 191.30 17 197.13 28 192.64 39 194.48
7 182.40 18 189.16 29 201.50 40 187.64
8 195.12 19 192.24 30 190.14 41 191.14
9 191.42 20 184.42 31 193.25

10 188.72 21 198.60 32 186.35
11 196.18 22 189.30 33 193.40
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F I G .  6 - 8  C.S.M. PANEL 13 AFTER TEST TOP SURFACE

FIG. 6 -9  C.S.M. PANEL 13 AFTER TEST CORRUGATED

BOTTOM SURFACE



FIG. 6-10 C.S.M. PANEL 14 AFTER TEST.TOP SURFACE

FIG. 6-11 C.S.M. PANEL 14 AFTER TEST. CORRUGATED
BOTTOM SURFACE



FIG. & 1 2 S E C T IO N  OF P A N E L  15 (SHORT)

FIG. 6-13 SECTION OF PANEL 19 (LONG)



F IG .6-14 P A N E L  19 WITH FIRET . TOP SURFACE

FIG .6-15 PANEL 19 WITH FIRET. BOTTOM SURFACE
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APPENDIX 2.0

TYPE OF PLASTICS

(a) Thermoset plastics

(b) Thermoplastics

(a) Thermosets:

1. Alkyds
2. Allyl Resins and Conpounds
3. Amino moulding conpounds
4. Me lamines
5. Ureas
6. Epoxies
7. Phenolics
8. Polyesters
9. Silicones

(b) Thermoplastics :

1. Acrylonitrile Butadiene Styrene (ABS)
2. Acetal
3. Acrylics
4. Cellulosics
5. Cellulose Acetate
6. Cellulose Propronate
7. Cellulose Acetate Butyrene
8. Ethyle Cellulose
9. Chlorinated Polyether

10. Ethylene Vinyl Acetate (EVA)
11. Pluvioplastics
12. Polytetrafluoroethylen (PTFE)
13. Fluorinated Ethylene Propylene



14. Chlorotrifluorethylene (CTFE)
15. Polyvinylidene Fluoride (PVF^)
16. Inomer Resins
17. MethyIpentene
18. Nylon
19. Phenoxy
20. Polya Homers
21. Polybutylene
22. Polycarbonate
23. Polyethylene
24. Polyphenylene Oxides (PPO)
25. Polypropylene
26. Polystryrene and Copolymers
27. Polysulfone
28. Polyurethanes
29. Vinyl Polymers
30. Alloys
31. Acrylonitrile Butadiene Syrene (ABS) - Polycarbonate Alloy
32. ABS - PVC Alloy
33. Acrylic - PVC Alloy



APPl’.Ninx 3 .]

T]-:ST Sl̂ ECT^D'NS - CIIIUS17 AT\]) NOPRIS 
G.R.IL CONTAINER ITOIECF

Floor Sections:

Ref. Resin Construction/Nominal Thickness

No. Used Top Laminate + Side Ribs Bottom Ribs

3 A283/270 2 X CSM/ t
1 X VvPy  ̂^ 2 X ^ ™

5 A283/270 3 X CSM/ 3 mm 6 X C.SM/ 6 mm

6 A283/270 5 X CSM/ S mm 10 X CSM/ 10 mm

7 A283/270 3 X CSM/ r 
2 X WR/ ^ ; : S 7 “  ” ■

8 A265/500B As Ref No. S

9 A265/500B As Ref No. 6

10 A265/500B As Ref No. 3

11 A265/500B As Ref No. 7

12 A2785CV As Ref No. 5

13 A278Sar As Ref No. 6

14 A2785CV As Ref No. 3

15 A2785CV As Ref No. 7

End Posts:

1
?

A265/50CB 3 x CS"
A2785CV 2 x CSN, 1 x l\Tl, ovenvrapped v;ith glass

tape
CSII - Qionped Strand Mat

Scandinavian Glass fibre Ltd 
MK lOB - 450 g/n2

VTl - Woven Rovings
Fotherrill & Harvey. Y920 
830 g/r2



The fii'st 1)atdi of scale coninonents liavc' liecii made by b.]\ Oiemicals 
btd Resins Branch and are now beiiie tested at the Universitv of Ratdi.

Rloor Panels:

12 panels of 24 inch square as aHaclied drawinp._ Tlie panel 
reference numbers are given in the table.

U--
1

Top laminate 
and corrugations

Corrugated
bottom

Resin Type

A283/270 A265/500B A2785 CV

3 CSM 6 CSM 5 8 12
5 CSM 10 CSM 6 9 14
2 CŜ l + 1 1\R 4 CSM + 2 m 3 10 13
3 CSM + 2 WR 6 CSM + 4 1YR 7 11 15

CSM is 450 gm/m^ (1^ oz/ft^) Mk lOB Chopped Strand Mat.
WR is 24 oz/yd^ Fothergill and Harvey. Woven roving.

Corner Posts:

Two short lengths of corner post have been encapsulated with:

1. 3 plys CSM witdi A265/500B resin
2. 2 CSM + 1 WR + Tape with A2785 Œ  resin

Confier Harness:

Ihe test on a i m  length of harness webbing supplied by Aeroquin 
Systems gave a linear extension to failure at 41.5 kN (9350 lb) at 
12% extension. (Ref. 48)



APPENDIX 3.2

TEST SPECIMENS - CÜPTSH AND NORRIS 
G.R.IE CONTAINER PRCUECl’

Ref.
No.

Resin lype 
Used

Construction/Nominal
Thickness Weight

Side Ribs + Bottom Rib Top Face

16 A283/272B 2 X CSM + 2 X CSM 2 X CSM 7.4 kg
1 X IVR 1 X m 1 X WR

17 A265/500B 3 X CSM + 3 X CSM 3 X CSM ] 2.3 kg
2 X WR 2 X WR 2 X IVR

18 A265/500B 3 X CSM + 12 X LINROU 3 X CSM 13.1 kg
2 X WR 2 X WR

19 A265/500B 3 X CSM + 12 X LINROU 2 X CSM 12.7 kg
2 X WR 2 X FIRET

20 A25/500B 3 X CSM + 12 LINROU 5 X I\R. 14.8 kg
2 X IVR

Each Specimen is 1.2 m x 500 mm

Side Joints:
]. A265/50OB 3 x CSM 

2 X WR

2. A283/272B 3 x CS"
2 X WR

CSM - Chopped Strand Met
Scandinavian Classfibre Ltd 
MK 12 - 450 g/r^



VJR - Woven Rovings
I'Otliergil] & Harvey 1920

IJKROli - LINROU Unidirectional 3 inch 
Tape 600 g/m^

FIRLT - FIRLT CORFMAT 2 nm thickness

All specimens were post cured 12 hours at 65^0. (Ref. 48)



AIRENDIX :>.3

PERFIABCT^D B04

General Description;

Permabond E04 has a soft paste consistency which is easy to mix 
and spread. The good flow control and thixotropy result in 
excellent gap filling capability. Rapid setting rates are achieved, 
giving durable bonds witli high impact and vibration resistance.

Permabond E04 is particularly suited to the bonding of G.R.P. and SMC 
sections providing a bond whidi is stronger than materials tJiemselves

Physical Properties:

Resin Conponent 
Part A

Hardener Component 
Part B

Mixed

Colour
Specific Gravit)^ 
Viscosity (25°C)

White
1.38
Soft Paste

Black
1.38
Soft Paste

Grey
1.38
Soft Paste

Usable Life - 100 ml
- Tliin Film

Setting Time - 25°C 
- 60°C

8 mi ns 
30 mins

2 hrs 
15 mins

Shelf Life 1 year 1 year

Performance of Cured Adliesive:

When tested in tensile shear, Permabond E04 gave the follo\'̂ ing 
performance :



7

.Materials Bonded PSI

Steel 2400

Aluminium 2300

SMC 1800

GRP 1400

Rigid PVC 2400

Hie results using SMC and GRP indicate the strength of the glass 
reinforced products, since the adhesive remained intact.

Cyclic Loading Test:

Steel lap shear testpieces were cycled from 0 to 1000 psi 
repeatedly until bond failure occurred. The to ugliness of Permabond 
E04 resulted in 25,000 cycles to failure, whilst rupture usually 
occurs with conventional epoxy resins in the region of 7000 cycles.

Impact strength (falling ball) - 6 ft.lbs

Water absorption 24 hours 25°C - 0.2%

ICCO hours 25°c - 0.4%

3 hours 100°C - 0.5%

Hum!dit}' Resistance (40°C and 95% Relative Humidity) :

Strength Retention 95% 92%

—  , -,

90%.

Exposure Time 1 week 2 weeks 4 weeks



Mix Rntio:

l̂ arts of Resin Parts of Hardener

By Weight 

By Volume

1 : 1 

1 : 1

Mixinp Instructions :

Thoroughly niix the two components, in the correct ratio, to give a 
uniform colour with no streaks. Do not mix more material than can 
be utilized witliin the usable life of the adhesive.

Cure Schedule:

Hie adhesi\xî will fully cure in a time which is dependent on ambient 
temperature. The following graph indicates the rate of development

2000

gS-,
LC

1000

500

1500

STfïH

i±

4-

25
Time (minutesj



of lionil strength at various temperatures wlien bonding SM(h Heated 
iHatens or clajips can be used to acJiieve rapid asscmlHy.

Clean Up:

Un cured adiiesive on tools or bruslies can be cleaned off with 
Permabond E90 solvent, which also removes tlie cured resin.

Hie most economic and safest way to use Permabond R90 is to part 
fill a tray or bucket with tlie solvent and then pour on top 
sufficient water to cover tlie surface.

Avoid skin contact witli the solvent and under no circumstances 
should it be used to clean hands. Full precautions are shovn on 
the label.

Storage:

Store in a cool dry place and keep the containers tightly closed 
when not in use.

Precautions :

This adhesive has been formulated with particular consideration for 
safety. Nevertheless, susceptible individuals may exhibit a 
dermatitic reaction upon contact.

We recommend the use of Permabond E adhesives in suitably ventilated 
areas. Personnel who are susceptible to skin irritations like 
dermatitis should exercise extreme care in handling these products. 
.Any individual who becomes sensitised should be moved to a different 
spheie of work.

Good hygiene is tlie best method of reducing risk and we recommend 
the use of barrier creams or gloves. Safety glasses should be woni 
when handling low viscosity products. Skin and eye contact should 
be avoided. (Ref. 49)



jii tlic case of accidenta] skin contact, wash thoroiiglily with soap 
and water. 1-or eye contact, irrigate the eye thoroughly for 
15 minutes with water and obtain immediate medical attention.



Æ44LNi)IX 4.7.1
STAT1STU7VJ. COMmjJhR PROGRAM

1 OPEN 1.4
2 0PEN6.4.6
3 PRINT#E,. CHPtaS)
5 INPLIT"SEGMh ‘'..:3
6 INPUT"MEAN".W
15 PRINT".!",. "rJOÜNTPÜL",: "flPFEAIiV TO PROCEED"
16 PRINT" PFLEA3E ENTER ONE OF FOLLOWINO" PRI NT"CONTROL CHARACTERS"
17 PRINT".PlPJMiF....TO CHANGE THE FUNCTION"
IS PRINT"________ ___ TO PRINT THE VALUES OF X,. V"
19 PRINT".fIp> » > » F___ TO PLOT THE FUNCTION"
20 PRINT" ___ TO STOP THE PROGRAM"
22 GET AT IF AT="" 0ÜT022
24 IFAT="C"OOTO30
26 IFhT="V"O0TO60025
27 IFAf="P"OOTO100
28 PRINT'LTTHANK YOU" END
30 PRINT"!",. "PRINT THE NEW FUNCTION ON LINE 50000" END 
100 GOT060000
50000 V= ( 1 /(2.51 t s :• ̂ EXP(-1 (2*34:3)*((.' :-W7 Î2) >
50010 RETURN
60000 PRINT"!" OOSUB630S0 
60002 DEFFNX(Z7 = INT( (Z-XL). 'BX)
60004 DEFFNY(Z,:' = INT( (Z-YD/BY)
60006 DEFFNL(Z>=LOG':Z:v'LT LT=LOG(10>
60010 PRINT"!",; "ENTER RANGE FOR INDEPENDENT"
60020 INPUT " VAR I ABLE X ( M IN.. MAX ) " : X L X H
60021 GÜTO60101
60025 GÜSUB50000
60026 PRINT"!",. "ENTER RANGE FOR INDEPENDENT"
60027 INRUT " VAR I ABLE X ( M IN ,. MAX) " ,: XL,. XH 
60040 BX=(X:H-XL>.-'79
60050 X = X L -GOSUB50000 YL=Y:YH=Y
60060 f o r x =x l +bv:t o x h s t e p b x :
60070 GÜSUB50000
60080 IFY>YHTHENYH=Y
60090 IFYCYLTHENYL=Y
60092 PR INTX,. Y FOR I = 1TO500 NEXT
60094 NEXTX
60095 PR I NT "PRESS ANY KEY FOP: CONTPOL"
60099 GETET-IFET=""GOTO60099
60100 GOTOl
60101 PRI NT"PLEASE WAIT"
60102 BX=(XH-XL)/79
60103 X=XL•GOSUB50000-YL=Y■YH=Y
60104 f o r x;=x l +b x t o x h s t e p b k :
60105 GOSUB50000
60106 IFY7 YHTHENYH=Y
60107 i f y :y l t h e n y l =y
60109 NEXTX
60110 BY=(YH-YL.\'49
60120 PP:INT"RANGE FOR DEPENDENT VARIABLE"
60130 PR I NT"Y IS ";YL." TO ".YH 
60150 PRINT PPINT"ENTEP N FOP NO AXES"



6:4 60 PRINT" : FÙF F .1.: cross I NO FT :>Y=''1'
60170 PRINT" C FÛF CENTERED AXES v4 - "
60ISO PRINT" P FOR POSITI'.'E OUFDPANi ONLY L-"
60190 I NRUT AT IFAT="N"00TO60:X:0
60X00 PRINT"TO OMIT NUMBERS ON AXES. ENTER 0 BELOW "
60X10 INPUT"HOW MANY HORIZONTAL 4X- TICKS".TX 
60XX0 I NRUT "HOW MANY '/ERTICAL (Y ' TICKS". TV 
XAxEx PRIMT"!pIp1385C:iO y o u  w a n t  a PRINT OUT"
60XX4 INPUT" P>giENTER YES OR NO" . VT
60X00 PRINT PR INT"UR TO 10 MESSAGES MAY BE WRITTEN ON THE"
60X02 INPUT"DO YOU WANT ANY MESSAGE ": ST
60234 IFST="NO"GOTO60320
60235 IFST="YES"GOTO60236
60236 INPUT"HOW MANY MESSAGES":B
60240 PRINT"RLOT. ENTER X..Y COORDINATES OF START-"
60250 PRINT"INO MESSAGE POSITION (X=0-39. Y=0-24)"

PR I NT "ENTER " . CHRT'X34> ■ " TO END MESSAGES" PRINT 
FORM=1 TOD
PR I NT "MESSAGE #".:M.:
INPUTM$(M ): IFM$(M ) = ""GOTO60320 
INPUT"X.. Y COORDINATES" , MX(M> , MY(M)
NEXTM
PRINT PRI NT"WHEN PLOT IS COMPLETE, PRESS ANY KEY": PRINT"TO CONTINUE. 
FORI=1TO2500:NEXT 
PRINT"!"
IFAT="N"GCiTO61000 
IFA$="C"THENAX=19•AY=11•GOTO60370 
IFAT="P"THENAX=0■A Y = 0 •GOTO60370 

60360 X = 0 :GOSUB50000 AX=INT(FNX(0). '2)-l:AY=I NT(FNY(Y )X2) -1 
GOSUE62900 
IFAX60GÜTO60390 
FORP-0TÜAX■PRINT"M",■NEXT 
FORP=0TG24 PRINT" lin"; NEXT 
GOSUB62900 
IFAY60GCiTO60420 
FORp=0TOAY■PRINT"!", : NEXT 
FORP=0TO39
I FP=AX+1THENPRI NT " -P" ;
I R F C  AXP1THENRRI NT " ,

60450 NEXTP
60500 IFTX=0GOTO60650
60510 XT=INT(40/TX)
605X0 XD= 10 TINT': FNL( ABS(XH/XL) > + 1.5>
60530 GOSUB62900
60540 FORF-0T0AY PRINT"!" . NE.'TT
60545 PRINT"-".
60550 F0RF-1TÜTX-1 
60560 PRINTSPC(XT-1>.
60570 NE: :T
60530 PRINT :T=0X::;=XL
60590 F0RP=1T0TX
60594 R$=STR$(INT(X*XD)XXD >
60593 IFLEFTTFRT.. 1> = " "THENF$=RIOHT$(P$, LEN(P$>-1 )
60600 RRINTTAB;(T), FT 
60610 T=T+XT:X=X+EX*XT4 2 
60620 NEXT
60650 IFTY=0GÜTO61000 
60652 YT=INT(25. 'TY '
60654 '-'A=INT'XFNL(ABS': YHXYL ' ' + 1 .5.:' ̂ YD=10 TY'A 
60660 PRINT " cl" . : Y=YH 
60670 FORG=1TOTY 
60632 IFAX30GÜTO606C6

60260
60,270
60,230
60290
60300
60 310
60320
.60
o u 
60330
60340
60350
60 360
60 370
60 375
60330
60390
60400
60405
60413
60420
60430
60 440



60684 FÜRF-0TÜHX FPINT"M". NEXT 
60686 FF I NT"4!"
60X90 IFHX-VH-8.:0GÜTÜ60ri0
60700 FÜRF-0TÜhX-VH-8:pRINT"M", NEXT
60710 PRINTINTvYiYIDXYH,
60720 Y=Y-BY*YT*2
60724 IF0=TYGOTO60780
60728 FÜRF-1TÜYT PRINT NEXT
60730 NEXTÜ
61000 F0F:M=1TGB
61010 IFMf(M )=""GÜTÜ61100
61020 GÜSUB62900
61030 IFNX(M > =0GOTO61050
61040 FDRP=0TGMX-;:M>-1 PRINT"»", NEXT
61050 IFMY(M )=0GOTO61070
61060 FORF-0TÜNY(M >-1•PR INT"!" : NEXT
61070 RRINTMT(M).
61080 NEXTM
61100 FORX1=XLTOXHSTEPBX 
61120 X=X1;GOSUB50000 
61130 X=FNX(X): Y=FNY(Y)
61140 GGSUB63000 
61150 NEXT
61152 IFV$="NO"G0T061200 
61156 IFYT="YES"G0T063100 
61200 GETE$:IFE$=""THEN61200 
61210 INPUT"!rMPFiNOTHER PLOT" , ET 
61220 IFLEFTTŒT. 1) = "Y"GOTO60010 
61230 G0TÜ5 
62000 END 
62900 PR I NT "Cl";
62910 FÜRP-1TÜ24 PRINT":?!".; NEXT
62920 RETURN
63000 REM HIRES PLOT
63010 2=33728+INT(X, "2)-40*INT(Y/2)
63020 IFZX3276S0RZX33767THENRETURN 
63030 ZX=REEK'::Z.:' ̂ IFZXS 127THENZ.'.'= (Z.'.'HND 127 +5 
63035 Z;;=ZX-95 IFZXX0ORZX>37THENZ;;=1 
63040 XX=HSO'::MIDT( ZT , ZX, 1 7  -48
63050 Y%=ASC(MID$(ZT, 38+X-2* I NT ( X. '2 +2* ( Y-2* I NT ( YX2 7 7.17 7-43 
63070 ROFEZ, ZX(::::XORY% 7 RETURN 
63080 REM HIRES INIT

2143"
TURN

255,254,226,251,236,224
63120 C=PEEK 32763+X+40*Y 7
63130 I PC :: 128THENG0SUB63161 GOTO63150
63140 0=0-128 : PR I NT# 1 . C HRT 18.7 : G0SUB63161 PRINT#1, iHRT 14 c. 7 ;
63150 n e :-:ts: : p r i n t # i . ■ n e x t  y
63160 GOTO61210
63161 IFC>96THENC=C+64
63165 IFC:^63hNDCX=96THENC=C+128 
63168 IPC 6 32THENC =C +64 
63174 PR I NT# 1, CHRTu: ) .
63176 RETURN 

READY.



M>P1;NI)1X 4 . 8 !

HISTOGRAM GOMIHITR PROGRAM

r 2 0 : 1 6  o . o n j  1

p r SA' j A 1.2 . f  u r t  r ar,

s e d a t ? . f  o r t  r,3r.  0 2 / 0 ( 1 / 1 ( 1  2 0 1  ' . 0  <Oid. Cut ,

d 1 mpr i s 1 o n  ;: ( 1 0 0  )
tr iTia 1 Tn p I ( d m  c r ] p t.n r s ) 

r  e a d ( 3 0 * 9 9 9 ) 11 s a ni 
r p a d  ̂ 3 a f 9 9 9 ) d e> 1 1 a r . : ni 1 f I » : ; ni a : :

9 9 9  f o r m a t ( v )
d o  1 0  I  1 , r Isan,  
r e a d ( 3 5 , 0 9 9 ) x ( i )

10 c o n t i n u e
w r 1 1, e ( 6 » 9 9 9 ) n s a Hi r d p 1 1 a . : ; ni i ri » • : m a ; :
c a l l  f  n P 1 ( ; : » r I s a ni » d e 1 t  a r ; : m i 11 » : m a : : • " f \ J c-1 u d I • ni ’ » o V p 1 » r  o d o )
s t o p
er i d

f  r e o u e r , c y _ P l o t _  :
f o p i :  p r o c ( v a l u e s ,  r , _ v a l u e i , d  P i t a , s t a r  t. f f  i r u s h f t y p p f o v e r f c o d e )  :

/ % F r o g r a n i  t o  p l o t  a h i s t o g r a m  u s i n g  p l o t _ f  M a r d i  1 9 7 5  h y  j w d 3  * /

/ % C o p y r i g h t  ( c )  1 9 7 5  b y  Ma*; s a c h u s p  t  t s  I  r , s 1 1 t  u t  e  o f  T e t l i r i o l o d y  * /

d e c l a r e  v a l u e s ( * )  f l o a t  b i n ,
( d p l t a * s t a r t , f i r i i - h )  f l o a t  b i  n « 
c o d e  f i x e d  b i n ( 3 5 ) ,
( t o t r i l ,  cumn,_ t o t , a  I  ) f  i e d  I n n  ( 3 5 ) ,  
o v e r  f i x e d  b i r i ,
( t _ s t a r t , t . .  f i r i i s h '  f l o a t  ( n r , ,  
n _ b u c  k e t s  f i x e d  b i n ,  
i i - . v d l u p s  f i x ^ * d  b i n ,  
b u c k  e t  _ 1 r , d e x  f  i  x e ' l  b i  r , ,
p r  I ( ) r  _ t  al  ' 1 p _  S b a d c a  1 1 f  i x p d  I n  r, ( 3 5  ) e x t p r n a l *
t y p e  c h a  r ( * ) ,
p l o t ,  e n t r y  ( ( * )  f l o a t  b i n #  ( *  ) F l o a t  I n n ,  f  i : ed h i  n , F i . e d I n  r , , c h a  , ( *  ) ) ,

1 f  I " p d  b 1 r, f

c o d e = 0 ; 
a V e r -  0 ;

i f  s l a i t - f i n i s h  • t h e n  /  *  n i pans  d o  o u r  own  1 i  n, i t  f i r i d i r , !
do  ;
t _ s t a r t - v a l u e s ( 1 ) :
t  _ f  1 n 1 s h - 1 _ s t  a r  t  ;
d o  1 = 1  t o  n . v a l u e s î
t _ s t a r t = m i n ( t _ s t a r t , v a l u e s ( i ) ) i
t _ f  i r i i s h  = n , a x (  t _ f  i n i s l ) , v a l > j e s (  i ) ) î
e n d ;
e r i d  ;

e l s e  i f  s t a r t  f i r n s h  t h e r ,  
do  ;
t _ s t a r t  = s t , a r t  : 
t  _ f  I r, 1 s h  = f  1 n I s i  I ;
e n d  :



I t  j f k  c  t  _ 1 1 i>i*‘ ;; = r . . h ’ j( 4- t' 1 I î
b u c k  e  t  (  b u c  k  e  t  _  j  r i '  I c  : : )  - O f
f ? 0 < J p  (  b '  i f k  ( •  1 _  j  I ; >  - f c T . i i e  (  b u (  k  ( .  t  i 1  r i d . - * ;  -  1  )  ;

( ' i i  1 1 p 1 o i  _ ( t T - mc  f b u c k  f ' t .  f ri. b u (  I c l  -, 4 7, I I  f 1 f • '  ) f

c  r I (J ;

e l s e  i f  t  u c f - ‘ cuni fTiu 1 n l  1 v e  * t h e r ,  
b e n  1 r, ;
d e l  ( ! H ick e  1 ( n  _ b u ( ' k  c  I s  ) f <^>*11 f c  r  ( r i . bi  It t c l  s ) ) f l t i a l  b i i i ?

df )  1 - 1  t u  n  . b u '  k c t s  f 
b u c k  e t ( 1 ) = 0 f
c ( 111 e r (1 ) _ s l a i  t - d e l 1 u / ? 4 i ♦ d e l  t a  f 
c u d  f

d o  i  = 1 t o  r i _ v a l u e s f
b u c k  e l  _ 1 r i d e ; : -  1 I ( v a l u e s !  i  ) - t  _ s  t  a r-1 ) /  d e  1 1 a  î
i f  b u c k  e  t  -  1 u d e : :  '  1 t  h e r  i t i v c  r - o  v e  r  4 1 f e l s e  i f  b u c k e t ,  i r i f l e: :  r# _ b  u  c  k e l s  t h e r i  o v e r  = o v €
e l s e  b u t  k e t  ( b u c k  € ' t  _ 1 ( i d e ;  - I - k - uck e  t  O  .ue k e t _  j r i d e , .  ) I 1 ;
e r i d  i

t o t q l  -  0  ;
d c  1 -  1 t o n  .k’ uc I c t s  f

t o t a l  = t o t a l  4 b u c k e t  ( i ) f
c u d ;

( unin, t o t a l -  Of
' .lo ] -  1 t o  11 _ bu c  k e t s  f

r M niHi I , () t .11 ( uinni l o t  , 1 I bi  l ek c t  ( i t :
b u c k e t  ( i )  = cutTiHi .  t o t a l /  t o t a l  :

CM id »
c a l l  r 1 o  L _ ( c e r i  t e  r  f b u t  I - c  t  f r I b u c k  c t  s , 1 f '  * ) f

Cl  td ;

e l s e  c o d e -  c  r  r  o r . t  a b  1 c  4 b a d t . i l  i ;  

r-e t  u r u  f

c r i d  /  *  h i s t  ti d r a m . ,  c l o t  *  /  :



else
d o  »
c o d e  e  r  r o  r _ t a t '  1 e _  i t ' a d c a  1 1 î 
r  e  I  u  r  ri f 
e r i d  »

r ) _ b u c k c ' t s “ l  + ( t _ f  i u i s h - t . s t a r t  ) / d t T l a J

i f  t o H e  = ' CO 1 \:«d(iri '  t k i p u  
b e d  1 ri i
d e l  ( bi  i (-k p t  ( I i _ b ' j (  k c  t  s  ) » e e r i t  e  T ( 11.. b u (  k e  I s '  ) f l o . i l  b i n »

d o  i  -  1 t o  ri .  b u t  k c t  s » 
b u c k e t ( 1 ) - 0 ;
r e r i t r i f i  ) = t _ s  t a r t - d e l t a / 7 + i * d e l  l a *  
e r i d  *

d o  1 - 1  t o  n _ v a 1 u e s  *
b> j f k  e  1.  1 r I d  e  : : -  1 4 ( v . i  1 i i c s  ( i  ) -  t  _ t  a i t  ) /  d* '  1 I î
i f  b u c k  e t _  1 n d e ;  1 t h e n  o  v e  r  = u v e  r 4 1 : e l s e  i f  b u r l  e t _  i r , r l e x  rt b u t k e l s  t h e n  o v e  r  - n v e  t 4 1
e l s e  b u c k  e t  ( b u c k  e t _  1 r i de : ;  ) - b u c k  e t  ( b u c k  » t, i n d e x  ) 4 1 * 
e r i d  *

c a l l  e 1 o t _  ( c e n t e  r  r b u c k  e t  * r i _ b u c k  e t . s  * 1 * • ' ) *

e r i d  *

e l s e  i f  t s p p =  • h 1 s t o d  rar i i  * t h e n  

b e d 1 ri *
d e l  ( k i u c k e t ( r i _ b u c k e t s * 7 4  1 1 * e d d e  ( ri_ b u r k e t  s t 7 4  1 ' ) f  1 o a  t  b i r i *

d o  1 1 t o  f i .  b u c k e t s ;
b u c k  e l ( 1 * 3 ) -  0  ;
e  d d p f 1 *  3  1 -  t .  s  4 a r  t , 4- d p 1 t a, *  i : 
e d d e ( 1 * 3 - 1 ) = e d d e ( i * 3 ) - d e l t a :  
e d d e ( i » 3 - ? ) ~ e d d e ( i * 3 l - d e l t a ;  
e n d  ;

d o  1 = 1 t o  n _ v a  1 u e s :
b u c k e t .  1 r i de : :  = 3 *  f  1 n o  r  ( 1 4- ( v a  I  UP' - .  ( i ) - t  . s t a r t  ) / d e  1 • ' :
i f  b u c k  e t _  1 r i d e ; : <  1 t h e r i  o v e r - o v e r t i ;  e l s e  i f  b u c k r ^ t  i n d e x  r i b u c k e  t  s  $ 3 t h e n  o v e r  = o v e r  
e l s e  b u r k e t ( b u c k e t _ i r i d p x ) = b u c k e t ( b i j ( ' k e t _ i r i r J e x ) 4  1 * 
e r i d  ;

d o  1 = 1  t o  n - b u c k e t s ;  
b u c k  e t ( 1 * 3 - 1  ) = b u c k  e t  ( ^ * 1  ̂ : 
b u c k  e t ( 1 $ 3 - 2 ) = 0  ; 
e r i d  :



API’ILNDIX 5.1

'mil TIDIORY OP œ i Æ U  AND PJIJSSNPR B F

'llie Volkersen’s tlieor)* which has been nient tone cl previously is 
unsatisfactory in the sense that it does not consider the tearing 
stresses set up in the adhesive because of tlie eccentricity of 
loading of the lap joint.

A tlieory taking the tearing stresses into account first
formulated by Goland and Reissner. The unloaded state of a section 
of the joint which ar^ proved by Goland and Reissner, is shoivn 
in Figure 5.1.1:

FIGURE 5.1.1: Joint in the Unstrained State

The joint length is represented by 2 I, being formed by two 
identical sheets of length + 2 a

tj-. The thicloiess of'the adherends 
n: The thickness of the adhesive 
E: Elastic Modulus of adherends
G: Snear modulus
v: Poisson's ratio
Ê : Elastic modulus of adhesive

(Adiiesive is assumed to be an elastic solid state)
G : Shear mudulus of the adhesive



'llic widtli of t!ic joint, measured in a direction normal to the plane 
of tlie section in Fipure 5.1.1 is assumed to he larpe in corparison 
with the sheet tiiickness t. For purposes of calculation 0 is taken 
to be origin of coordinates the centre of tlie adliesivc and considered 
axes 0 ^, 0 ^̂ respectively parallel and perpendicular to the lengtli of 
the a dll e rends in this unstrained condition.

A ] FIRST APPROXIMATE THEORY

Goland and Reissner determine the loads acting on the edges of the 
joint, by considering the lap joint and the neighbouring sheet to 
act as a cylindrically bent plate of variable cross-section and 
variable neutral plane. Figure 5.1.2 shows the elastic axis of t V  
longitudinal cross-section of the joint in the unstrained state and 
in tlie strained state produced by the application of tensile forc^ 
P per unit width at 0^ and 0 ’ .̂ The full line represents the 
elastic axis in the unstrained state, when the load is applied the 
elastic axis is deformed to some such shape as is sho\\n by the 
dashed line. Since the form of the elastic axis will always remain

7 --------- 1I '

---1

____I

FIGURE 5.1.2: Neutral Plane of Joint in the Unstrained
and Strained State

antis^nnmetrical about tlie point 0 , which will^itself fixed, only 
the left-hand half of the system is shown in Figure 5.1.2.

lo make the analysis easy, coordinate systems (x^, Xg] and (Xg, y^] 
are introduced at the points 0  ̂ and 0  ̂ respectively, as shoim in 
Figure 5.1.2. (Ref. 50)



]f we now find tlie hcndinr, mordent nor unit width at the section 
diarcacterizei’ l)y in the adiierend h y  , and the Ixmdinn moment 
per unit width in tiie joint at tlie position defined by by 

then witli tlic convention sirns sliown in Fi pure 5.1.3.

+ V

FIGURE 5.1.3: Convention signs for the applied tensile force P

It is easily shown that:

Ml = P ( 8 xi - Yi) (1)
M^ = P { 8 (Xg + - 72 - : t} (2)
hliere:

0 denotes the angle which the line of action 0  ̂ 0  0 '̂ of the 
applied force makes with the direction 0 .̂

If t is small compared wdth and if n can be neglected in
conoarisen witli t ,  then:

6 = (5)

According to the theory of bendinr of thin plates, tlie equilibriur 
eanations arc :

- Ml = Di d^ y
a X- d Xi"

C4)

there Di and D 2 are the flexural rigidities of the sheet and joint 
respectively.



']hc l io iïï idn iT  c o n d i t io r iq  a rc  t l ia t

at %! = 0, Yi = 0
tiiat at Xi = £i, X2 = 0 , Yi = and

>1Vl dy^ .

and tliat
dx^ dx^

at X2 = c y 2 = 0

Ihe solution of the equations (1) to (4) subject to these boundary 
conditions is easily sha\n to be:

y^ = e x^ - a û  t Cos h (u^ £) Sinh (û  x^j (0 < x < £̂ j

V = e f £ t x ) - I t - a u t  Cos h Yu £ ) Sinh { u ( £ - x ) } 0 < x  < £ 
' 2 1  ̂ 1 1 1  2 2 2

where u g  = ^  = _L and
"1 D;

a = 2 {u^ Sinh (û  £^j Ces h (u^ £) + u^ Cos h (û  £^) Sinh (u^ i ) } (5)

from which it folloivs immediately that the bending moment and the 
shearing force at the transition section (x̂  = £̂ , x^ = 0 ) are

M = O

and

P t a u^ Cos h (u^ £} Sin h (û  £̂ } (6 )

= P t a u. Cos h [û  £j Cos h (û  £̂  j (7)

respectively.

If we assume that n << t then the thickness of the joiit will be twice 
the widtli of a sheet so tiiat

I'l = ht^ , I). = S u (8J
12 (] - v"j



aiu! in = 2 /2 ip' in all practical cases iq is so large that
Siiili (ui J-i) and Cos li (Uj may lie replaced by I .

If we male these approximations in equations fS) , (6 ) and (7) we 
find that: ,

M =  ̂kPt,
o

V = k' P o (9)

where : 

k = — 1

1 + 2 / 2 tan h m 0

k' = / (2 m) f k (10)

in which:

m = 3 (1 - v^) (11)

Valued of k and k' for various values of ç and v are shown in 
Table 5.1.1.

£
t

f P V '
[ËtJ

V = 0.30 V = 0 .40 V = 0 .50

k k' k k' k k'

o.n 1 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 . 0 0 0

0.1 0.752 0.124 0.760 0.121 0.779 0.111

0 . 2 0.605 0 . 2 0 0 0.615 0.195 0.640 0.182
0.3 0.512 0.254 0.521 0.248 0.547 0.233

! 0.4 11 1 0.448 0.296 : 0.456 0.290 0.481 0.274
0.5 1 0.402 0.332 0.410 0.325 0.432 0.307
O.i 0.369 0. 366 0.376 0.358 0.396 0.338
0 .' 0.344 0.398 0.350 0.389 0.368 0.367

TABLE 5.1.1: k, k ' constants values for approximate theory of
Goland and Reissner.



'Ihe variation of tliosc quantities is siiown grauliical 1y in I'igure 
5.1.4 and Figure 5.1.5.

It is obvious from equation (10) tliat whatever tlie valiu of the 
I'oisson’s ratio v of tlie sheets, tlie value of tiic k is unity for 
undeformed sheets, and that for increasing load it diminishes 
steadily tavards the value:

- (1 + 2 /T)~ ̂ = 0.26
1 + 2 / 2 tan h (m C)

Since tanhm. ç> 0.99 if m C > 2.7 we see tliat this limiting value 
is reached fairly rapidly.

IVe can now calculate the distribution of stress in the joint. If 
n << t we may ignore the presence of the adiiesive in calculating 
the stresses in the joint, for example the joint can be assumed to 
consist of a rectangular slab of length 2 i  and thickness 2 t made up 
of homogeneous isotropic elastic material (Figure 5.1.6).

X

1

t ____ ^
1 , 
1 ’ Y

FIGURE 5.1.6: Homogeneous isotropic elastic material

The assumption that the presence of the adhesive may be ignored 
will continue to be valid when n is of the same order of magnitude 
as t, provided that the elastic constants of the adhesive arc of 
the same order of magnitude as tliose of the adherents and provided 
that the thickness of the slab is taken to be n + 2 t. This means
that the approximation v.dll hold for thick adhesive layers only if 
the adiiesive is relatively stiff. It is also assumed that the 
width of the joint greatly exceeds botii its length and its thickness
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FIGURE 5.1.4: Variation of the factor k in adhesive ioints
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FIGURE 5.1.5: Variation of the factor k' in adiiesive 1 oints



so tlint plc'jjie strain conditiojis are obtnincd in tlic joint. For T a X  
purposes of analysis, coordinate system oxy can be defined with 
orip,in 0 in the upper surface of tlie joint, Finure 5.1.6, Oy 
pointing inwards in tlie direction of tlie joint thickness and Ox 
pointing along the length of the joint, llie load transmitted by 
the adherends to the edges of the joint have just been foinid above 
to consist of a tension P per unit widtli, a bending moment

M q =  ̂ k P t

per unit width, and a small transverse shearing force.

In the first approximate theory of Goland and Reissner it is 
assumed that:

(a) The tension P is distributed uniformly over the cross-section 
of the sheet

(b) Tlie moment arises from the usual elementary linear stress 
distribution.

Tlie maximum departure from a linear normal stress distribution at 
the joint edges would arise in tlie case of short joints, but there 
is experimental eiddence [Tylecote 1941} of a remarkable degree of 
linearity even in this case.

The normal distribution of stress on the joint edges is then given 
by expressions of the tigic:

(!) on X = - £
T xy = 0

G X = p + p t (6 y/t - 5} (0 < y < t)
G X = 0 (t < y < 2 t)

r
with p = — 

t

(Z) cn X = I
T  X V  =  (■



o X ^ G (Cl < y < tl
X = p + n k (g - üy/t) (t < y < 2 t)

on the rcmainin,!’ edges of tlic  jo in ts  tlic  re  is  no normal and

no s lic a r in r  s tress  so that we liave:

(3) y = 0  

y = 2 t
a X = T X y = C

ilie problem of determining the distribution of stress in the joint 
is, by this method, reduced to that of finding the stress in a 
rectangular block whose edges are subjected to the boundary stresses 
specified by equations (1), (2), (3). Goland and Reissner were 
able to find an approximate solution of this latter problem and in 
their work they show graphically the distribution of stress along the 
mid-plane x = t of the joint for the case in which k = 1 (Figure 5.1.7)

lliey also show in Figure 5.1.8 the variation of k of the maximum 
values of the cement stresses

a X = Oç.

The third quantity shown in tliis figure

0 ^  =  0  
f  y

is the longitudinal stress in the sheet fibres adjoining the cement, 
It is important to note the existence of large cement stresses 
particularly the high values of the tearing stress in agreement 
with tthe experimental observation that the start of the failure is 
characterized by a splitting apart of the t\/o sheets at the join 
ednes.. It will also be seen from Figure 5.1.8 that the maximum 
value of decreases steadily from 4.3 p to 2.1 p as k decreases 
from 1.0 to 0.4, and that the maximum shearing stress behaves 
likewise, decreasing in the same range of k from 0.79 p to 0.45 p.

Tne maximum value of tlie longitudinal tensile stress g ^ behaves 
in tills wmy as well.
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F 1(1 IRC 5.1.8: Maxiinup Stresses in the Shear Plane



r>) Sr.CONI) APl^ROXPllTl: 'illCORY

In tins tlicoTT of Goland and Mcissncr, the case is as sinned that, 
in tlic joints considered the acLhesivc layers arc relatively flcxihle 
so that the transverse normal strain and the shear strain in the 
sheets may be neglected in comparison with the corresponding strain 
in the adiiesive. In tliis approxiniat.ion the sheets may be treated 
as cylindrically bent plates and the adhesive behaves like a system 
of infinitesimal springs placed between two plates. (Ref. 51)

Tlie cemented joint is shown in Figure 5.1.9.

, Y

X■p
cr ------ p*
4-J 0

£
i£

n

u

FIGURE 5.1.9: Uie joint of adhesive layer
(relatively flexible)

ô ̂

(b;
FIGUPJ: 5.1.10: Element of the joint (a) upper sheet (b) lœnr sheet

Hie load applied to tlie edges x = ± £ is again specified by equations 
(IJ and (2) above. Tne other edges are free from applied stress.



A coordinate system Oxy is set u]i witli 0  at the centre of the 
adiiesive and Ox lying in the direction of the joint length as sho\ni 
It can he distinguished between the upner and lower sheets by means 
of subscripts u and £ respectively, for exanple tlic bending moment 
in the upper sheet may be denoted by and lower sheet may be 
denoted by Similarly, denote the vertical shear in the
u]iper and lower sheets respectively, and and P^ denote the axial 
tensions.

The sifm conventions adopted by Goland and Reissner are shoim in 
Figure 5.1.10.

If we denote by and respectively the normal stress and the 
shear stress in the adhesive, then balancing the moments acting on 
the elements of the sheet, these equations can be obtained:

 ̂̂  m  ° y  ■■ h  + u  = 0 (12)

where the dash denotes tlie operator dx.
Similarly, by expressing the conditions tliat the horizontal and
vertical forces are in equilibrium we obtain the four furtlier
equations :

P u ' - W = 0 >  P '  + W  " 0 (13)
Vu’ -«0 = 0- h ’ + %  = 0

Denoting the transverse deflection measured positively upwards of 
the upper and lower sheets by 6 and 5., we have, from, the theoiy^i > % T £ ' '
of thin niâtes

D 4- y = c, D5" + = 0  (15)
u n £ £

who TL

1) =  — (16;
1 2 (1 - v̂ :

is the flexural rigidity of the adiierend s.



If we consider tlic ]oiigitiulinnl displacements and 1)̂ of tlie adJicrcnds 
at the boundaries adjacent to the cement then, using the known 
com!) in at ions of bending and direct stress in the outermost fibres of 
the loaded sheet, we obtain the equations:

1 - V

- r u - e , :
i- 1-2

(17)
1 - V'

wliile the assumption tliat the adhesive is elastic leads to the 
relations :

o o (18)
n

Tne edge conditions for the tim sheets are:

(i) at X = c ^u = = 0
(]9)

(ii) at X = - £ = 0 (20)

It is readily shavn tliat the solution of equations (12) to (20) can 
be reduced to the solution of the pair of the boundar>^ value 
problens:

(I) t^ T ^ = Q

6  ̂ = 8 G^ (1 - v^) t/r
(21)

witil E t n ' = ± 6 Eg (P + 6  ̂ '̂ /t) when x = ± £ (22)

(II) d^ 0^ 24 (1 - v^)I
- 0 ^ = 0 (23)

dx- n t^  E



\ J Î X h riDo ’’ = ]: n U n = ± E V when X = ± £ (.24)(1 il U  W  11 K.)

Togetlier witli the set of equation (1) we must also consider the 
equilibrium condition:

£

T^dx + P = 0 (25)
- £

the solution of the problem (I) can be written as follcr.ss:

T = - —  { 3 £ (1 = 3k) Cosh (3 x/t) Cosech (3 £/t) + 3  (1 - k) t } (26)
8 £

and this has a maximum at the edge of tlie joint where it takes the 
value:

(To3,„ax = - J l { 6 «  (1 + 3k) Coth (BH/t) + 3 (1 - k) t} (27)
8 I

Since Cot h (3 £/t) ^ 1  as 3 £/t it follows that for large
values of (3 £/t)

= - H I  + 3k) 3P (28)

where 3 is given by the second equation of the pair (21). The 
variation of (rp^^x 
range of values of k.
variation of ("r^)^^ vjith 3 £/t is shown in Figure 5.1.11 for a

Figure 5.1.12 displays graphically the variation of the shearing 
stress in a joint of typical dimensions and material (B £/t = 1 .0 ) 
for tv;o values of the constant k.

he may define a stress concentration factor n by dividing (ngjip.ax 
by tlie mean value of

(""̂ ô max r. = -------
^c

Noting that t = -  I (Pt/£) . we tlien obtain tlie equation:
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FIGURE 5.1.11: The m x i m m  shear stress in joints
with relatively flexible adhesive
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k= 0-6
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riGlTE. 5.].12: Sheer stress distribntion in the joint



{ h [ u  + 3k] Cet h (g 2/t] + 3 (] - k] t}
n = --

- 1 (k t/2 ]

1 + 3k
n =   (B 2/t] Got 11 (B 2 /t] + 4 (] - k] (29]

which becomes, for large values of ( 3 2/t] + 4 (1 - k] (30]

Similarly, it is readily shown that the solution of the boundary 
value problem (II] is:

P t^
a =   {(iR X ^ k - X k ’CoshX Cos X] Cos h (X x/2] Cos (X x/c]
° 2^A 2

+ ( | R ^ X ^ k - X k '  Sinh X Sin X] Sin h (x x/2 ] Sin (X x/2 ] } (31]

where

l ‘2±  R 2 ,
E T]

(33]
Rj = Cos h X Sin X + Sin h X Cos X 
Rg = Sinh X Cos - Cos h X SinX

A = I (Sinh 2 X + Sin 2 X] (34]

It is readily seen that is a maximum at the edges, where it 
reaches the value:

P t^
(̂ ô̂ ma-v " -----  { i X^ k (Sin h 2 x - Sin 2 x] - X k' (Cos h 2 X + Cos 2 x ] } (35]

2̂  A

Kylones (-1949] found it useful to introduce the stress concentration 
factor:

=  ^^o^max
J . .

2To



I t  f o l l o w s  inmu'di a t e l y  front C“( | i i a t io i i  (35) t h a t :

P = _ 2 | 1 |  j { ^ X ^ k ( S i n h Z X - S i n 2 x ) - X k ' ( C o s h 2 x  + Cos2x)} (36)m [  ̂ J A

For lonj’ joints, for instance for X > 3:

Sin h 2 X - Sin 2 X = 2 A 
Cos h 2 x  + Sin2x- A

So tliat in this instance (35) reduces to the simple form:

(o ) = th. {1 x^k - Xk' ) (37)
o max 2 *2

where X is given by equation (32) and k and k' are defined by equation (9). 
The variation of (c^g^max  ̂ for various values of k is shovn in
Figure 5.1.13 and Figure 5.1.14 shows the variation of in a joint of 
typical dimensions and materials for two values of k. It should be 
noted from equation (37) or Figure 5.1.13 that an increase in the overlap 
ratio B 2/t leads to a decrease in the maximum tearing stress (o^)^^ 
at the edges. It can also be observed from Figure 5.1.14 that the 
magnitude of the tearing stress rises sharply in the region of the 
joint edge.

In our test it has also been obsen^ed in the joint, the start of 
failure is characterized by a splitting apart of two sheets at the 
edges of the ioint.



60

50

AO

a
Xaf

6 9 1230
Pf/t

FIGURE 5.1.13: Hie maximum tearinç stress in joints
with relatively flexible adhesive
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FIGURE S. 1.14: The tearing stress in a joint witb >. = 2.5



RANGE OF YAlJDriT OF TID: APPROXIMATIONS

It will be recalled that in the approximate the or}" (A) it is 
assiDTied tliat tlie adiiesive layer is so thin that its effect on the 
flexibility of tlie joints is neplinible, and that in the approximate 
theory (B) it is assumed that tlie flexibility of the joint arises 
mainly from that of the adhesive. [Ref. 50)

We should expect approximation (A) to be valid in the study of 
joints with wooden or plastic adhe rends and approximation (B) to be 
useful in the analysis of lap joints foimed by m.etal sheets.

In an elastic solid in wliich the components of stress tensor are 
denoted by a^, t^ ,  , and those of the strain tensory xy’ xz’ yz
are denoted by y ^ ^  it is readily shown (Time-
shenko, 1934, p. 135) that the strain energy per unit volume is:

“ ^̂ x ̂ x  ̂ ŷ ̂ y  ̂^z^z x̂y x̂ẑ xz ’’’ x̂y ̂xŷcy 'xy xy 'xy-

The components of stress and strain are not, of course, independent 
If E, G and V denote Young's modulus, the shear modulus, and the 
Poisson's ratio respective!)", then:

-y y  { V  [ o ^  C  2) } [39)

ani

2
G 'vz

Y zx G ^zx [40:

^xv G X}" J



so t1i.it substi tutiiij’ froin oouitioii (39) nnd (40) into equation (38) 
we find tliat tlic total strain cnerm" per unit voliDite is:

lit = ^  " " 0  " " “z°x " “x V  * 2 T

("A. " "Ex + "T')yz (41)

For example, if we assume that the state of stress in the adhesive is 
characterized by a normal tearing stress and a shearing stress 
acting on planes parallel to that of the boundaries between the 
adiiesive and tlie adlierends tlien by equation (41) , the strain energy 
per unit volum.e in the adhesive is:

a  ̂ T ^
«adhesive ^

If, further, we assume that variation in a and t across the depth ’ ’ 0 0
of adiiesive is negligible, so that and are functions of n 
alone then it follows that the strain energy stored in a strip of 
adhesive of unit ividth is:

Ustrip

■c ( 2  )
= in

^a J
(42)

- c

If the state of stress in the adhe rends is constant across their
width so that the components of stress and strain depend only on x
and y , and not on the variable measured normal to the plane of
Figure 1, then it follows that y^^, and are all zero. From
eonations (39), (40) v:e conclude that t = t = 0  and that K J , . yz zx

= V (c^ + • Suhstitutinc these values into equation (41),
v;e find that the strain enerm" per unit volume of the adhe rends is:

U 1. -  = ?acLicrencis
1 - } I1 - "x"y ^

so tnat the total strain encrg>" in a strip of unit width of one



ndlicrcjLl is :

UincUiorcnd ^

r-o n + t

d.x

- c

" Ü ""xyj dy (43)

It follavs from equations (42) and (43) tliat the total strain energy 
contained in unit widtli of tlie lap joint is U, where:

Ü =
r ^ ' i  n + t

dx dy

- c I n

+ in
- c

T_2
E,

C - X (44)

The correct distribution of stress in the joint is distinguished 
from all other stress distributions satis:fying the equilibrium 
equations and the requisite boundar)" conditions by the fact that 
it minimizes this strain energy U (Timeshenko, 1934, p.151).

Using this energy criterion v;e can form an estimate of (range of 
validit)" of the two approximate theories of Goland and Reissner. 
In tlie first approximate theory the flexibility of the adhesive 
was neglected, idiich is equivalent to assuming that the work done 
by rnc stresses Qq and Tq in the adiiesive is negligible compared 
with the icork done by the stresses and in the sheet.

Sinec, approximateIv:

d\-
? T-

(45)

I'.it'i a corresponding estimate for it follows that the work



(Iniie by tJic stresses ô,, and in tlie sheet is riven anproximntely

2 i
I t

- c

>-y
c

^ 1 -  x , 2 2 4- _[L dx (46)

If we compare this with expression (42) for the strain energy in 
the adhesive we see that the first approximate theor)" is valid if:

 ̂ t n t—  << —  , —  «  _  (47)
ha E Ga G

and the results of this theory would be acceptable as long as 
n/E were less than E and n/G were less than V^^q G. For
example, if E^ = and Ga = then the first approximate
theory will be valid only if the thickness n of the adhesive is 
less tlian one thousandth part of tlie thickness of adherends. This 
approximation is therefore of value in the discussion of the 
formation of lap joints by relatively thick sheets of wood or 
plastic material.

Tie second approximate theory assumes that the work done by the 
stresses Oy and x ^  in the adherends is negligible in comparison 
with tlie work done by stresses in the adhesive. Gomparing 
equations (42) and (46) in these circumstances v/e see that tlie 
inequality sign in equation (47) is reversed and we obtain:

t n t n
—  << —  , — << —  (48)
E IT G G_

as tne conditions for tlie validity of this apnroxination. be 
siiould therefore expect to obtain acceptable results by means of 
tiie second approximate theor>" as long as t/E were less than n/10 E^ 
aj.d t/G were less than n/lOG.. For example, if = E/100 and 
Gp = G/ICO, the second approximate theory will be inlid only if 
tlie thickness n of tlie adiesive is greater than a tenth of the



tiiickness of tiie nJherenJs. V/e should therefore cxncct this 
approximation te he of most value in the analysis of metal joints 
of the dimensions occurring in aircraft structures.


