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The aim of this research is to promote the use of G.R.P. as a
structural material. In the past the use of G.R.P. has been confined
to non-load carrying applications. ' Such uses are still rapidly inc-
reasing but in addition significant changes have been made during the
last decade in the development of semi-structural and now even fully
structural applications.

Glass-reinforced plastic is characterized by a high strength but
a relatively low modulus of elasticity. For this reason?G.R.P. struc-
ture can expect to show large deformations as a result of which the
individual structural members will fail under load due to a loss of
stability rather than approaching the ultimate strength of the material.
For this reason the selection of the geometrical shapes of G.R.P., struc-
tural elements is considered to be an important factor in designing
G.R.P. structures.

The first chapter of this thesis deals with a general review of the
theoretical and experimental methods used to describe the structural
properties of G.R.P. The research programme includes five stages dealing
with the structural behaviour of G.R.P.

The first stage (Chapter 2) begins with selecting and designing an
optimum box beam cross-section which gives the maximum flexural and tor-
sional rigidity.

The second stage of investigation (Chapter 3) deals with beam to
beam connections. A joint was designed and manufactured with different
types of fasteners used to connect two beam units. A suitable fastener
was selected and the research extended to cover the behaviour of long
span beams using multiple joints.

The third part of the investigation includes a study of the behav-
ijour of box beams subjected to combined bending, shear and torsion. A
special torque rig was developed to perform the tests.

Creep deformation of 6 m span G.R.P. was investigated as the
fourth stage under a range of loading conditions.,

As a result of the phenomenon of post buckling behaviour exhibited
in the compression flange during testing of box beams during earlier
stages of the investigation 1t was decided to consider this phenomenon
in more detail in the final stage of the investigation. G.R.P. plates
with different fibre orientation were subjected to uniaxial compression
and tested up to failure.

In all stages of the investigation theoretical predictions and
experimental results were compared and generally good correlation between
theory and experimental data was observed,
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CHAPTER 1
STRUCTURAL PROPERTIES OF G,R,P.

1.1 "INTRODUCTION

G.R.P.has an excellent strength/weight ratio and for this reason
G.R.P. may be used as a structural material. Table (1.1) shows
clearly the superiority of strength/weight ratio of G.R.P. in com-
parison to conventional building materials. However, G.R.P. which
has a low modulus of elasticity (see Table (1.2) suffers from a poor
stiffness/weight ratio , though this problem may be overcome by using
suitable cross-sections.,

Apart from the physical and mechanical properties, competitive
installation cests and low maintenance costs, translucency, good
resistance to weathering and versatility of fabrication methods, have
led to wide application of G.R.P. in industry. In building con-
struction G.Rupi is used in internal partitions, cladding window
frames, pipe ducts and tanks etc,

In sectional buildings where lightness in weight combined with
the ease of fabricating large components and simplicity of joining
has meaﬁt that the design of sectional buildings is a logical appli-
cation. Such structures are particularly suitable on sites where
access is limited or where the ground cannot support traditional
structures without excessive cost for foundations.

A recently completed secondary school roof in London, accommo-
dating 1200 pupils was constructed in G.R.P. The largest span was
17 m long and 1.2 m. deep. All the spans were made of U shaped troughs
joined by compression bolting through a foam layer at the ridges.

The joints Were covered from the outside by a specially moulded G.R.P.

section to eliminate water penetration.




The spans were ribbed at reasonable spacings to increase stiff-
ness and full load tests carried out confirmed calculations for
deflections, but torsional rigidity caused concern.

G.R.P. is also used in boat hulls, chemical plants, rail trans-
port, refrigerated containers and in aerospace structures.

G.R.P, has been useac recently as both a temporary and permanent
shutter in motor bridge decks and retaining walls replacing timber

and steel,

1.2 PREVIOUS RESEARCH WORK

Various research workers have been engaged in the development
of-G,R.P. or plastic as a structural material and they obtained promi-
sing results. The main objective for research workers was to limit
deflection and to increase the rigidity of the materials by using
suitable geometric shapes in the form of hollow beams, double cur-
vature shells, skeletal space frames, stressed skin and sandwich
structures.

L H McCurrich1°1 carried out research on single skin toroidel
shells as a roof, MW Holloway1°2 and N C MacDonald claimed that
low density core materials used in sandwich construction have greater
strength and stiffness for weight than could be attained by merely
increasing the thickness of the skin material. Extensive cross-
bracings in the form of tubular cells to stiffen the skins were used.

Benjaminl°3 analysed folded ﬁlate structures with plastic
and concluded that the design may be carried out on much the same
principles as in normal structural design using their elastic and
mechanical properties with special consideration to the factors
affecting these properties e.g. creep, ageing and temperature. He

also claimed that large deflections may be permitted, except in
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places where they may lead to damage of other components or be
unsightly.

H G Allen Lo carried out optimum design for sandwich struts
and beams and concluded that the cost of materials in G.R.P. sand-
wich elements is relatively high and that while they mayv be feasible
for roofs, and bearing walls, they would not be suitable for long
span beams unless cheep cores can be developed.

Molyneuxl“5 investigated the feasibility of the design of

60 m span roof and concluded that long span lightly loaded G.R.P.

structures are structurally and economically feasible,

1.3 G.R.,P. MATERIALS

1.3.1 Resins

Polyester resins are by far the most commonly used resins for
G.R.P, applications. Most applications involve hand lay up at room
temperature, in which case the liquid polyester is accelerated prior
to lay up of the moulded part, either with cobalt napthanate or
manganese napthanate, so that the addition of a catalyst such as
methyl ethyl ketone peroxide or cuemene hydroperoxide will initiate
cure at room temperature., If cure is to be affected at higher tem-
perature or under pressure (vacuum, autoclave or press moulding)
modified catalyst systems can be used. The degree and rate of curing
is controlled by catalysts. The function of a catalyst is to act
as an initiator for the polymerisation process of the resin. By
varying the catalyst curing times curing can be completed in times
ranging from several days to minutes at temperatures from 70°F to
300°F.

The high viscosity of polyester resin as received from suppliers

can be modified by dissolving it in styrene to obtain the desired



viscosity. Most polyesters can be used satisfactorily at temperatures
) o) . .
up to 482°F (250°C). A major disadvantage of polvester resins is

that they shrink when cured up to 8% by volume. Polvester resins

are often miked with fillers such as silicone dioxide to improve

the surface appearance, resistance to water and reduce shrinkage.
Epoxy resins of various types are often used with high per-

formance composites, where their higher strength and greater stability

are desirable. However they are seldom used in production of the

more common lower strength G.R.P. composites due to the higher cost,

greater personnel hazards and poorer workability in the hand lay-up

process., Epoxes find their widest application in the fabrication

of composites using boron, graphite carbon or high strength glass

where breakdown of the fibre resin - interface is more critical.

1.3.2 Glass Fibres

Glass fibres used in glass reinforced plastics are manufactured

as continuous filaments. In this process, raw glass is fed into a
furnace and melted., Then fibres are drawn from the molten glass at
high speed. Commercially produced filaments have diameters ranging

from (2.4 x 1074 to 1.9 x 107° cm). These fibres after receiving

a protective coating are gathered in the form of bundles called
strands. The treatment of the glass‘fibres provides a suitable sur-
face condition compatible with that of the resin matrix so that good
adhesion can be achieved.

The variation of glass properties can be achieved by modifying
the structure of silica with various additives. Among all the glass

fibres used in composites, E glass is the type most widely used.

Other types such as S-glass and D-glass have also been developed.

S-glass possesses higher tensile strength and modulus of elasticity




than E-glass. The strength of D—glésgti”ikdﬁérfthan4those of E and

S-glass.

D-glass is suitéble\for high perfo;mance electronic application
due to its low dielectric constant. For more details concerning
types and properties of glass fibres, Reference (1.6) may be consulted
The basic strands of glass filaments are used to make all
of the different types of fibre glass reinforcements. Some examples
of the types of reinforcement available are:-
(1) Chopped fibres /
(2) Chopped mat
(3) Unidirectional mat
(4) Bidirectional (cross ply cqubﬁmag)/

(5) A combination of the above.

various commerical names exists amongst glass fibre suppliers for

these types of reinforcement.
1.4 'MATERIALS USED IN THE RESEARCH PROGRAMME . .

The materials used througho‘u‘t/fhé’iffvégfigatidnwerea.sfollowsa

(1) ‘Reinforcements

E gléss 1ﬁ thé form of unldlrectlonal cloth type and bldlrectlonal
wovéni roving bearing the commercial names Y996 and YOZJ° Also
chopped strand mat was usedﬁ RS g

All glass reinforcemegfywé;{;ﬁpéiiééqg§iFoﬁﬁé;;ilifénd Harvey
Limited. i IR e

(2) Resin

- BIP Beetle Polyester resin 836;‘acC§1§yated by approximately
3%. BIP accélerator B and 1.5% of Methyl Ethyl Ketonefperog;de’as
a catalyst, The exact amount of accelerator and catalyst were

dependent upon the method of moulding and ambient temperature.




1.5 EFFECT OF MOULDING TECHNIQUES ON THE STRENGTH

Three things can happen to G.R.P. during the moulding process
which will cause the material to have less than the desirable or
optimum strength,

(1) Fibre breakage
(2) Fibre orientation
(3) Resin segregation

Fibre breakage occurs mostly as a function of the mechanical
work put into the material during the preparation stages and is
therefore a function of the processing equipment.

Fibre orientation is largely dependant upon the mould design
and the part configuration. Location of size of gates, runner vents
and core affect fibre orientation.

Resin segregation can occur in two areas. In the compound
where resin is improperly formulated, mixed and wetted, G.R.P. will
not mould properly. If the pressure, speed, and temperature of
the injection process is not properly regulated, resin segregation
can occur in the moulded parts, particularly in those parts with
non-uniform cross-sections.

G.R.P. is a non-homogeneous material containing large volumes
of reinforcing fibres. For this reason complex coring and over-
dimensioning should be avoided where possible. G.R.P. compounds do
not flow well around obstructions. If the reinforcing fibre is
interferred with during its flow in the mould (by a core pin or a
restricted area) a number of things may occur.

1 - The fibre can flow around the obstructions and this is desirable.
2 - The fibre can break upon contact with the obstruction, which is

less desirable.

3 - The fibre can stop flowing and the resin can continue to flow



(particularly under high.pressufe;égieot%ohlfoauslhg a fibre rich
area at theloone,section and a resin fioh:afea elsewhere in the
part
Control in moulding reinforeedfthe;mosetimaterial stems largely
from the initial consideratlogs inEthe:pattjdes;gn,amaterial selection

and process. equipment,

1.6 MOULDING TECHNIQUES

G.R.P. can be manufactured by various methods = -« some of

which are mentioned below.
1.6.1 Hand Lay-up

Hand lay-up is the simplest of all methods and suitable for
large components with a small numberrof mouldings and therefore ver-

satile in civil engineering constructlon° Major advantaces are that

a minimum of equipment 1is requlred/and the mould/cah be/made at
relatively low cost using wood olastet ﬂsheet metaliotceven rein-
forced plastics. Besides the advantages ofrminimal restriction of
size and relatively easy design changes.

‘The disadvantages are that the labour content is quite high
and the\qualityrof moulding depends to a large extent on the skill
of the operators and also undersmOSt cohditionsronly one good surface
is. produced.

In this method a layer of fibre mat or woven cloth is first

laid on a form.

Thermosetting plastlcs are then brushed onto the re1nforc1ng

materlals and this process 1is repeated untll the de51red thickness

of the comp051te 15 reached Alr trapped in the resin is squeezed

out by a rollero The re51n, Wthh is catalysed is then allowed to

cure at room temperature. Polyester a’d epoxy are the two most




common resins used in hand lay-up method. Verv often organic or
inorganic fillers such as wood-flour, saw dust, clay or sandstone
are added to the resin for the purpose of reducing inflammability,

providing extra weight and decoration. The content of reinforcement

achieved by this method is relatively low about 30% by weight.
Mould releases, for example polyvinyl alcohol silicone and mineral
oils, are often used for facilitating release of the final product
from the mould.

Although every method has its advantages and disadvantages,
the actual method will be determined by the number of components

which are needed, their dimensions, the properties required and the

cost of manufacture.
In this research programme, the hand lav-up method was used
extensively for all structural elements, whilst a controlled com-

pression mould was used to produce flat plated elements.

1.6.2 Spray up

In this method of spray-up of fibres are first fed through a
chopper and cut into desired lengths. A mixture of fibre, resin and

catalyst is sprayed on to a mould. A roller is then used to smooth

the surface and remove entrapped air.

1.6.3 Bag-Moulding

Bag moulding is used to improve the quality of hand lay-up
products by further removing the entrapped air. The three basic
bag moulding methods are vacuum bag, autoclave and pressure bag

fig (1.1).

In applying the vacuum bag method, the lay-up of resin and

reinforcing materials is first covered with a perforated parting film

and a layer of jute bleeder material. This combination allows the




bleeding of air and excess resin. Then the lay-up is covered with

a flexible film diaphragm such as cellophane or nylon which is sealed
to the mould. The vacuum is then drawn upon the whole system with

- . 2
a pressure of about 12 psi (8,28 x 104 N/m™). The bagging process

should immediately follow the lay-up in order to avoid the hardening

of resins. The entire bagged systems can be cured either in an
oven or an autoclave system,

In the case of autoclave curing a large metal pressure vessel
is used and is pressurised with a gas-typically nitrogen. The
pressure applied is in the range of 50 to 100 psi (345 x 105 to

5 2
6.89 x 10~ N/m ). The autoclave system is heated and the hot gas

is circulated to provide a uniform temperature within the vessel.

Sophisticated autoclave systems provide electronic controls which

produce programmed temperature/pressure time cycles.

1.6.4 Filament Winding

The method of filament winding employs continuous filaments
which are wound onto a mandrel in predetermined orientations. Since
it is possible to align the reinforcements along the direction of

high stress, the strength of filaments can be utilised in an efficient

manner .

Structural applications of filament winding have been used in
the aerospace industry as well as in commerical applications such
as storage tanks, pipes and pressure vessels, The weight percentage
of glass fibres attainable in filament winding is the highest of all
fabrication methods.

Two types of fabrication, wet-winding and dry-winding are

often employed. In wet-winding the fibres are impregnated with resin

just before winding while in dry winding filaments are preimpregnated.
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Continuous fibre glass strands are usually wound over mandrels
in two different patterns, planor winding where the mandrel is
stationary and the helical winding in which the mandrel Totates.

The tension eXerted in the filaments can be controlled during winding

which can affect the void content, resin content and hence the thick-

ness of laminate,

1,6.5 Continuous Extrusion Process

If glass fibres are saturated with a particular resin and then
pulled through a simple dye, it is possible to construct shapes such
as rods, bars, piping etc. Also possible are more complex items
such as ductwork, angles I beams, channels etc. Such standard cross-
sections are important for designers. Glass content as high as 60

to 80% by weight can be achieved.

1.6.6 Closed Moulding Methods

These include matched-~die moulding, pre mix moulding and
injection moulding. They are employed when detail is important and
when a two sided finish is desired. Two piece male and female moulds
are used in these methods.

Matched-die moulding is usually employed in the fabrication of
structural parts where the contour is complex and the tolerence is
close. Reinforcing materials in the form of glass mats chopped
glass preforms or fabrics are used. Plastic resins are then applied
onto the reinforcements and curing is achieved through heating and
pressing the moulds at pressures which are in the order of 1000 psi
(6.89 x 106 N/mz)° Chopped glass pre forms are used when moulding

articles with considerable contours. The preform is manufactured by

depositing chopped glass fibres onto a screen which has the desired

contour. The content of reinforcement material achieved by this
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method is higher than that of hag-moulding, Pre-mix moulding differs

from matched die moulding in that it employs a ready for use moulding

compound. This compound is a mixture of chopped glass fibres, resim,

catalyst and filler,

The main attraction of this method is the comparatively low
cost and the ease with which it can be moulded. It is particularly
suitable for moulding objects with variable wall thickness and
sharp contour changes. The injection moulding process also utilises
a moulding compound which is injected into the cavity of the mould.
However, unlike pre-mix moulding, the moulding compound used in -

injection moulding consists of thermo plastic resins. The injection

moulding process offers the moulder advantages in many areas, for

example faster curing cycles and greater machine-mould part, minimized
péft finishings and uniform preheating and feeding.

However, the general disadvantage is that the factors of fibre
breakage, fibre orientation and resin segregation and not just a
function of flow distance within a mould, but also a function of the
velocity and pressure of the material being injected into the mould.

1.6.7 Compression Moulds ;’8>

In the majority of cases the compression mould is found to
be the most suitable. In view of fibre orientation this method yields
the highest quality. In the compression process the only flow
distance required of the material is that necessary to properly
displace it into the cavity extremities. Since the ﬁaterial must

flow a relatively short distance within the mould, there is little

chance of resin segregation. The desired fibre orientation of the

bulk material is maintained, also since the fibres in compression

moulding need travel only a short distance, the probability of them

being broken or damaged 1s minimized.
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Another consideration in favour of compression moulding is the
wear of the tool itself. Compression moulding however has some
disadvantages. The material is difficult to feed and it must be
pre-measured or pre-weighed before being placed into the compression
mould. Another problem which must be contended with, is flash cut-
off and part finishing. As a compression mould closes it is normal
for some flow of the material from the moulds to occur. This flow
or flash can be minimized but it cannot be eliminated. Generally
the flash 1s removed by hand or machine trimmed. The major disad-
vantage of compression moulding is the extended cure time necessary
to achieve properly moulded parts. Fig (1.2) shows a typical

arrangement of a compression mould with a vertical flash.,

1.7 QUALITY CONTROL

The possible adverse effect of human variations in the fabri-
cation process of G,R.P. undermines confidence in its structural
use, This leads to the importance of both quality control and the
techniques used to assure quality.

Kies 1.9

has observed that lay-up and moulding quality affect
the failure of G.R.P. Many other investigators have observed
that thorough wetting of the reinforcement and low void content of
the product are required for good strength.

The validity of these observations are well established. The
ability to measure the strength of the composite without cutting
a coupon is unfortunately not presently available. Nor is there a

device or technique, except the human eye, to determine the void.

content in the laminate non destructively.

Quality control procedure may involve testing samples of each

lot of glass reinforcement before impregnation., Similarly 1t 1s
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important to test not only each batch of resin constituents before

use, but also the resin after mixing the constituents, It is also
recommended that the resin should be sampled and tested frequently
during the laminating process to assure that all its properties are
within the tolerances allowed.

The seriousness of the lack of a non destructive test technique
for G.R.P. laminates has long been appreciated. Radiography has
been tried without marked success (1.10). When glass with a modest
amount of lead present was used in a filament winding process radiography
was successful. However, in determining whether or not the winding
pattern was as speéified, ultrasonic scanning of laminates for

1.11 The

void content has shown better promise than radiography
reward for the development of a successful non destructive test
technique is well worth the effort involved and without it the
expansion of the use of G.R.P. will proceed with caution and hesi-
tancy.

Lastly, the level of guality control and inspection applicable
to the G.R.P. components is primarily determined by the customer.
For example, G.R.P. built to military or aerospace standards are

subject to relatively stricter control and inspection requirements

than G.R.P., used for ship building.

1,8 COST

On a cost-performance basis, by generally accepted standards,
a typical G.R.P. sheet may cost more than a sheet of steel. 1In
order to justify G.R.P. use on a cost basis other savings may be
considered, careful attention to the mechanical requirements of a

part offers potential savings in part thickness and weight. 1In

complex parts, trim waste may be substantially less than sheet steel.



The processing cost for G.R. P lS laroel aifunctlon of the

"tooling and equlpment prOV1ded fOr the JOb Wthh in turn is influenced

by the quantities of parts requlred Time cycles for moulding G.R.P.

laminates are greater than for staﬁﬁing féfmiﬁg:énd/drawing operations
for sheet metal, but total processing costs include many other factors.
For example, elimination of assembly and painting operations may make
G.R.P. more economical, 7

The cost of tooling for press moulding of G.R.P, parts may be
as little as 10% of the tooling cost mayrbé/eptifgly different in

other parts of the world. Low-cost G.R.P. moulds can be used for

the hand lay-up production of parts where labour costs are low.

1.9 ENGINEERING PROPERTIES REQUIRED FOR STRUCTURAL DESIGN

Engineering propertieé:bf/G;ﬁoPg;léﬁiﬁéfés d;%;hé{;hithe type
and orientation of fibre and the re51n/g1ass/v01d volume ratio.
The data on structural propertles oF G.R. P that are reqﬁlred for
structural design may be summarized,as:e/// : ok
(1 Young's modulus
(2) Shear modulus
(3) Poisson's ratio
(4) Tensile strength
(5)-  Compressive strength

(6) Shear strength

(7)  Strength degradation Qver:30 years
(8)  Equivalent modulus over 30 years
(9)  Impact strength |
(10) Fatigue strength

(11) Fire resistance

(12) Thermal expansion.
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have worked on most of the ahove

Several investigators °
properties of G.R.P. laminates and discussion of their results is
beyond the scope of this research. In determining the elastic and

the strength properties theoretical and experiméntal methods may

be used. In this section some of these properties will be briefly

discussed.

1,10 ELASTIC AND STRENGTH’PROPERTIES'OF'G;RnPn

The elastic and strength properties of G,R.P. are influenced
by a.number of factors. These include the anisotropic and non-

homogeneous nature of the material, the mechanical incompatibility

of the constituent phases, the effect of interfacial bonding, the
elastic and plastic behaviour of the matrices and the reinforcing

materials, the volume fractions of the component materials and the

directions of applied load. -

In view of the complexity of the deformation process it is
not surprising that there is é ia;if;f comprehensive knowledge of
failure mechanisms in composite materials., However, due to the
intense efforts ﬁade by researchers it is now possible’to describe
some typical fracture modes in G.R.P. Relative theories used to pre-

dict the elastic and strength properties of G.R.P. are discussed

in the following sections.

1.11 DETERMINATION OF ELASTIC CONSTANTS

The elastic constants for the basic moholaybr may¢be determined

by three methods.}ﬁlg.

) ~ = e .17
(a) Boundary methods utilizing variational principles L.l ?O

~ : . . 1.21-24
(b) Elasticity approaches involving computerized solutions \1\2%

' o : 1,25-27
(c) Simplified models involving micromechanic approach ;
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Using method (c), Reference ~f;',indicated,that micromechanic

approach could be used for predlctlng elastlc propertles of the mono-
layer from the ba51c constltuent materlals €. g.

The longltudlnal modulus
EL = K(VfEf + VmEm) - (law of mixtures) (1.1)

The transverse modulus

E: = 2[(~1_\)f + (‘Vf— \)m]Vm]

(l—C).kf (2Km+ Gm] - Gm (Kf-Km) Vm

(2K +G) + 2 (X - KV

K. (2K_+ G.) + G, (K- K.).V
C £ 0 £ Lomcd .m (Tasia approach) (1.2)
(2K + 6. - 2 (K- KJV_

The longitudinal Poisson's ratio

Vi T Veve * Vm Vi (law of mixtures) 2.3
The tran§vefse Poisson's ratio
E . :
S | ol 1.4
IR T i o $V RS (1.4)
L
and the longitudinal shea’fjmodﬁiﬁéf - s
S vt R e s
G = T S . = N 7'::, //V/—af :appreac
TL Vme + \f Gm s T L.
266, = GI V.
= (1 C)Gmu 2 + (G G \ .
m
j,G + 600 (6 c v
- s ) ,m = : (1.6)




where

ot
=
1]

a misalignment factor ranging from 0.9 to 1,00

u3]
il

¢ = Elastic modulus of g1%§5’fib§e

E, = Elastic modulus of the resin matrix
yf = Poisson's ratio of fibre
ym = Poisson's ratio of resin matrix

K, = 2

f Z(J-Vfi
. E

Q—_

m Z(J-vmj

C' B Ef.

S 2(_1+\)mj>

E
m

%1_2Q+%j

If the fibre is oriented at angle e to the longitudinal direction of
the laminate it is possible to calculate the longitudinal and trans-
verse elastic constants in terms of the elastic properties.

EL’ VLT’ VTL and GLT of the basic unidirectional lamina. Consideriﬁg»
a lamina loaded in its plane with stresses that make anglexﬁ with

the principle fibre direction fig (103), theffollowino‘formulae may

be used for determining the elastlc nropertles of the lamlna cor-

responding to its 10ng1tud1nal and transverse dlrectlonsc The

derivation of these formulae. is found in reference 1 28
L fracos O g (C;. o2 LT) 31n2(x cos g + sgn. : @a.7)
E] B itima o b T |
"l’ ‘”siﬁAa N le 2 - 2 ;~éés a (1.8)
T + (E——-_ 2 ——*J 51n a cos a *+ - 1.

2 L LT L e T




612 G (1.9)
V19 ~,v21 i VT 14<1%QL% ;,lfwnf . ) .
E E, "EL 4 - m ) sinT2 g (1.10)
1 2 4Tk E; Cr
The stress strain eguations may be written asc-
- — — c _ e - T 55 . 2 Sy -
&1 % 1% G+ Gy (1.11)
&2 = Bt * Cpfy + Cpe1a (1.12)
T12 % C6%1 * Co6 2 * Cee'12 (1.13)
or in the matriﬁ form
B L 'éﬂi
d 1 El
Sy | =[] ) , , (1:14)
T 1
12 712
b — e —
and
N oy - e
[€] = [1] [€] 7] : Do (1.15)
where [T] is the transformation matrix-
coszu sinzd :;g 25iﬁdl cosa
sinza cdsza, -2sing  cosc - ‘ (1.16)
-éiﬁa ’cosa sina  cosa cos’a -sin‘a




and C =
n [c] C11

- (1.17)

which defines stress strain Telationship in the unidirection mono-

layer i.e. o =0,

Performing the matrix multiplitation?fn‘equéffdﬁ”CIOIS) vields

11 ° C11 Cos o+ 2(12 + 2C66) sin a cosza + C22 sin &

1

. 2 2 .4 4
1 = (12 .+ C22 - 4C66) sin“o cos o+ C12(51n G + cos Q)

— . .3
= - - O e .
Crgeds ¥ pisilyp _566/)5_/55,1@, 109281 2aC ey 2:Gpdeisinta cos
C..=¢C i 4u + Z(Cé/x+?§%;f):x: &fgtézia?;; Erj€66;4a
5y = Cyp sin Cin ';65/751n' cos 0y COS
C.. = (C - Ciia Z/Exqi;sigsa fcosa + (Co=.C07% B ) sind cos” @
26~ Y17 M12 667 ST O COSTE Ly T o2 T o bee '
+ Cee (:sin4a + coség@,lE ; ;;5,Z1;?~ (1.18)
where
C = VEL
11 l_VLT“TL - .
E_wv
co ET
c. . = -

12 © Ty

E

= gl C ; s
- 6 BT
22 ! T YL 6 :

Uneven fibre spacing, voids and residual stresses in the resin implies

that certain reservations should be made if an analysis of a G.R,P.

structure is based on the foregqigg;3331Y$iSM




1.12 DETERMINATION OF TIE STRENGTH OF
TR e

UNIDIRECTIONAL MONO-LAYER

Unlike elaStlc constants, Strengtb;{/pljgp/.ertie_s‘ cannot be pre-

dicted reliably from theory; This is dﬁeitéjthe cbmplexities intro-
duced by | |
(a) Number, size shape and position of voids
(b) Variation of interface bonding strength
(c) Statistical variation of fibre spacing
(d) Variation of materiai préperties at micro and macro level.
(e) Influence of residual stresses

(£f)  Strain rate

(g) Time-dependant effects

Despite these complexities some research workers suggested

1.29

empirical approaches. An expression was introduced by Rosen

for the longitudinal tensfle/étrength

Flige Jeiiitidy srepiipiigd 3 s Lial sipu | (1.20)

where V. is the volume fraction of fibre o, B are constants defining

the link strehgfﬁ of fibres. .

is the ineffectivéifigré;feﬂgth”

o)
I

e

Il

the base of natural logarithms

Greszezuk l°25 ~ suggested a formulae for‘the trapsvexse strgngth

. A . Sl
o A R N s (1.21)
FL(t) - v, [1 : /j e

i

where F, strength of matrix unvoided

=\ B -V\
o=y (V) /
V. = volume fraction of fibr?//Q’

A = constant
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longitudinal compresslve strength predlct

based on two failure
1.30 -

modes

(a) For shear mode the compressive stress is given by

Ol =~ B .22

(b) For the extensional mode

e
PL, . =V, [ B £43

(c) f - S(l—VfE ]

Transverse compressive strength FC(t)\may‘EEiqomputed using upper

and lower bounds detailed in Reference%;?}

1.13 DETERMINATION OF THE ELASTIC AND STRENGTH

PROPERTIES OF THE MUITIDTRFFTIONAL LAMINATE

An element paralleloplped cut from:a 1am1nate 1s shown 1n,

fig (1.4). The element is con51dered/1n the plane stress state haV1ng

stresses &x and &y. In order toffind'a Systemfofjforpes and moments

acting at the geometric midplane.

The stress resultants are defincd;which%are\equal to the\;um

or the integral of these stresses/iﬁ:tHef§7difé§€ion;

lueo -}—1— .
Nx = [Z éxd
h 2
7
h
2 1.24)
h
7
h
: 2
ny = ‘/‘ . T_Xydz ’




similarly the moment resultantS afgfgiyéﬁ”és;fﬁ§ §ﬁmef:thé stresses

times the area<over5wﬁicﬁ]th¢y\gct\mulﬁiﬁiiéd'byithe,moment are with

My

i
\.
o

o
{ANY
S

(1.25)

IR S e

Mxy

0
=

oy

For a lamina with n plies using,thg;notatignfiﬁ:fig (1.5). the

stress state in the k th ply can be written in terms of the mid-

plane strains ez, €, ¢© ,°the ﬂlaxeﬁcuTGEiureszka” , the z
X Ty z RSN e e : -

"Xy

co-ordinate, and the lamina stiffﬂéSs piopeftiés Cij

6% 11 12 16 | "x = e

oy 12 22 26l |y |

Xy 16

or

(61,

for n layers the stress resultants are*exﬁiesséd/as the sum of n simple\f’@f\

integrals.,
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X
N o
y | =2
k=1
T ¥
I\Xy Txy
L _ _j
hoT : 7 =
s S e ®x
L o Y W 2 dz (1.29)
WLC'16“ Cogitenles Lny

The previous equation can be reduced to the following relatively

simple form

N, ke
N E (
Yy o= 1\y
k .
Nxv 2
or
™ (1531)
where
MG (1.32)
Bijis (1.33)
ants - e g
similarly the moment result{ may be written in the /{f:oql//lq\fqng matrix
form /
: B k.
. k (1.34)
B g
k
Breeifoe L




or » ‘ -
it mm ok
where
U PR B £, A7 LN S ‘
Bij = 5 kil(_ClJ)kk (hk-h wo1) 7 (1.36)
Dij = % P (Cij), (};k3 (1.37)

combining equations 1.30 and 1.34 the total laminate constitutive

equation may be written as follows

o T e

midplane the term Bij 0, the eauatlon 15 further 51mp11f1ed by

L D - | ‘/=f °  Th*s"ls achleved onl
making the terms A16 A = Do  926 0 hi y

in a laminate where every 1ayer of a plus orlentatlon corresponds

to another layer of the same © th@ff ,propertles/aﬁd thickness

R A A

el

A




with a negative orlentation,5ibQETthe:éfgéking;Sédﬁéﬁééiﬁﬁould in
the following max}\r\leilt\\fre/ff(\e/-’e/emeq\\ The general constitutive equation

may be put in the-fﬁver§§form ”1;13\'

e e

i

R R ; :
ch}% D!_/ / HJ : : g 2 (1040]
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To predict the elastic cbﬁsﬁéhts:offéalaminate in which the coupling
matrix Bij = 0, the inplaﬁe,gétiix; Aifaiézinversédo

i.€e.

(1.43)
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From:which+it:follows

98]
n .

i.

LT A ¥

v
LT A..!

The'terms Aij and_Aij‘ are defined in quations (1.32 and (1.43).

For the prediction of the stress cqmponehﬁégfbf?thé kth layer are

319 < cis ™ pagx 4 ‘2/1/33-1/(]/:1:\"&;?-

- (1.45)

where a = thermal expansion matrix
T = temperature degree (F)

N B, p', and zfaéfiefigﬁdfbgf{? 7 ﬁ

The yield conditior

expressed in the form‘ij,

2 |
w2q B - 22 =

Beoan s
L i e
06

!




where:im. =-cos o

nis sin o .

62 . .
“P'=igT Tatio of normal stress
66

ratio of shear stress

¢
T .. 3 7
T = — 7ratio Of;DQﬁmél,St Bgfﬁl;'

oel
-

E .
L - -
T shear strength ratio

FL = Axial strength

o3 ]
i

T transverse strength

S.= shear strength

Thus for a uniaxial tension or compression p =q = 0, in eqn. (1.46)

the failure condition reduces to

m4 + (52~1) m2n =+ (1.47)

or 61 = FL/[m4+(s -1) mn 5+:rzng]f, e o (1.48)

For pure shear case 61 = ¢2 = 5‘isfgﬁbsfitufediin:ggggtion (1.46)

which results in

o ]

(1.50)

The elastic and strength prop itles of/G R P lémihates may be

determined expemmentally° Al‘Khéﬁa;' ~omprehen51ve data

for various experlmental methods used to determlne elastlc and

strength propertleser He found a dlsagre ment/between experlmental

: .:f: / $he mieTo al - ~T0S
and theoretical results predicte ﬁhe,m;g§9~an§ macre

- (1.49)
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approach. : .
PP ch However elastic properties showed better agreement with

theoretical predictions than strength properties

In this research investigation elastic and strength properties

for various G.R.P. elements were determined experimentally by

testing specimens cut from the G.R,P, elements.

The short term structural properties were obtained from selected
specimens, among the specimens used by Alkhayat 115 yere the

following:~

Tensile specimen

A uniform cross-section specimen was used. The advantage of
this specimen fig (1.6a) is that.it can be used to determine the
tensile strength, modulus, the stress-strain behaviour up to fail-
ure and the Poisson's ratio at different stress levels. This type

of specimen reduces the shear stresses compared with other specimens

Compression specimen

The straight edged specimen fig (1.6b) was adopted to obtain
compressive properties. This specimen was designed according to
ASTD6 95, Pt 27 1973 for G.R.P. sheets of thickness greater than

32 mm, Aluminium end blocks were bonded to both ends of the

specimens to prevent end crushing or brushing and to transmit load

by shear from the test machine to the specimen as suggested by

several authors 1.52-34

The advantages of this specimen are

(1) It provides adequate space for fixing electrical strain

i i i rse directions in
gauges in the longitudinal and transvers

order to measure the ctress-strain relationship, Young's

modulus and pPoisson's ratio.

1.15



11) It i 1 i
(11) 1S easler and more economical to produce accurately
than other types of specimen,

(i11) Full strength and stiffness characteristics can be obtained

from one specimen,

Both types of specimens were tested in a Dennison testing

machine using wedge grips. The load was applied at suitable rates.

1.15 IMPACT STRENGTH

One of the important parameters that should be considered in
designing G.R.P. structures is the rate of loading since many
applications of such structures involve severe impact loading. A

very common way to define impact properties is to determine material

toughness by measuring the energy required to break a specimen of
a particular geometry. Many Izod, Charpy and other impact tests

have been conducted by various investigators 1.35-39,  Limitations

to these methods are in the inability to provide data of basic
physical significance. The geometry of the specimen and test
arrangement influence the results thus leading to serious difficulties
in applying the results to structures under consideration.

Impact strength (rather than energy) has been measured by a
number of people using either an instrumented Izod impact apparatus

or a drop weight testing nachine 2.40-43 . Stress was measured

by a load cell and strain was obtained from strain gauges bonded

to the specimen.

1.16 CREEP

Creep deformation of G.R.P. under constant stress is dependant

on type of loading, time and temperature. G.R.P. laminates of

different fibre orientation and resins will exhibit different creep
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characteri ° Th
stics ° € creep of G.R.P. is naturally greatly

dependent upon the creep characteristics of constitutent materials.

The resin which serves to distribute the stresses amongst the

reinforcement is itself subject to creep. The creep in the fibres

and the resin therefore influence each other leading to a redis-
tribution of stress and a transfer of load to other fibres which
in turn is accompanied by further creep; This leads to a gradual
rupture of the bond between resin and fibres with attendant slip

leading to eventual failure of the laminate.

o

Boller carried out tests on the long term properties of

laminates under both dry and wet conditions indicating that the
percentage reduction of ultimate strength with time of laminates

in the wet condition is more severe than in the dry condition.

1.46

Other tests have been carried by Ainsworth who suggested

that 50% of the ultimate short term load will be sustained over a

period of 30 years.

Reference Lo47 claimed that the results of short term creep
tests may be extrapolated over longer periods. Finally, the
phenomenon of creep will be dealt with in greater detail in chapter

5

°

1,17 FATIGUE

When G.R.P. 1is subjected to load, the material tends to suffer

progressive and irreversible damage. The detailed nature of the

damage depends on several factors including the type of loading,

fibre orientation, the properties of the matrix and the properties

of the interfacial regiom. With increasing load the damage 1is

intensified until complete separation of the specimen ocCcurs. It

has been shown that the damage processes are both time dependent



(stress rupture) and cycle dependent (fatigue).

1.48

Owen and Dukes examined laminates made from E-glass

mat and a general purpose polyester resin. They showed that it
was possible to follow the process of damage microscopically by
repeated loading (non-destructive load). They observed that
individual strands lying perpendicular to the line of loading
showed the first signs of damage taking the form of a separation
between the fibres and the resin matrix, a phenomenon called
""debonding'". They concluded that in a tensile test, debonding
occurred at about 30% of the ultimate tensile strength and that
resin cracking commenced at about 70%.

Owen 1.49

followed the progress of fatigue damage and
found that it was possible to produce conventional stress cycles
to failure (S-N) curves fig (1.7) for debonding and resin cracking
as well as for final separation of the specimen.

\‘The detailed progress of damage in cross-piled prepreg epoxy

1.50 and

resin laminates has been described by Broutman and Sohu
again debonding of transverse fibres under static and fatigue load-
ing was observed.

1.51 concluded from test results of

Tanimato and Amijima
tensile specimens that the progression process of fatigue damage
in composite materials can be divided into three stages as follows.
(1) There is no significant decrease in static strength in the
first stage in spite of many cracks in the specimen.

(2) In the second stage cracks propogate in the specimen and the
residual strength of the G.R.P. decreases continuously with an
increase of cycle ratio.

(3) In the third stage, the rate of decrease in static strength



.

is reduced until the fatigue life is reachedqqﬁd_then the specimen

fails suddenly.

1.52 : : , '
Fuwa et al : have shown that in uniaxial G,R.P. composites,

a coustic emissions signalling fibre damage occur at stresses as

low as 25% of the static failure stress.

1,53

Owen and Smith found that debonding in fatigue began

at between 25 to 30% of the failure stress amplitudéé for any given

1.54

life. Howe and Owen considered that the accumulation of

damage is independant of the stress level and is non-linear.

1,53

Owen observed that fatigue damage is progfessiv@ andu@c¢ur5¢p7,\

throughout the stressed region even after the first CYQIéma thﬁgghfr
5 .

the composite may still survive for 1 cycles after the

first visible signs of damagg;;;

1.18 DURABILITY

jected to water or ultra-violet ligh

be claimed for the durability of th other

materials,

1;5Qw “1Iéiméd

In the fields of boat hulls, Alfers and Bushey

nsional stability,

quoted the advantages of7ré§i$fan§é:id;bthq o1 ;dfy;i¢t,’reduced

maintenance and resistance to mos s and solvents at

normal temperatures.

1,19 EFFECTS OF IMMERSION AND WEATHERING

Extensive test data on specimens subjected to water immersion

- . 1,59
and accelerated weathering under Ta ry chd1t1ons‘ and




on specimens cut from hoat hulls'l°6o

1.61

and submarine casings

after prolonged service indicate losses of strength and

stiffness in E-glass/polyester laminates of up to about 20%

1,20 EFFECTS OF TEMPERATURE ON MATERIAL PROPERTIES

Tests on typical marine type laminates 1.59-62 indicate
losses of up to 35% in modulus and 40% in strength at temperatures

of 70°C relative to properties at 20°c,

1,21 FIRE RESISTANCE

Flame-retardant resins have been used to a limited exteﬁf”*

.

boat constructlon but have been rejected for naval appllcatlons
1.62-63 o

because of higher cost, loweri /’inferier-weathering
properties and greater fume!toxitiﬁy" 1 > 1 atings
applied to laminate surfééé% h:

. 1.64
sweeper designs

Schmidt T°®°  considere

flame retardants. He p01nted out that ove

is ’ioveredc The general

halogen compounds.




Density Yield | Strength
Material N/mm3 strength, Density Normalized
x 10-5 N/mm? | x 10-° value
Medium steel Grade M 7.675 227,.5 29,641 | 1
High tensile steel Grade HT 7.675 - 324

High yield steel Grade HY 80

Aluminium

High yield steel Grade HY IOQ;@7

Oak wood

Pine wood

G.R.P.

WEIGH

T AND

42;215
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moH<mmwww_

Nominal Material Properties _ €5 i Eowm KWH@ : Aluminiumn
. resin (oak) ~ Steel
chopped .
.| strand mat
m ,J_Womw: weight fraction ;,o~w ,@o
| Tensile strength (N/mm~) 110
~ Compressive strength (N/mm ™) 130
Shear strength (N/mm™) 85
Huﬁwamﬁmswsmﬁ shear strength 20 k ine gt
(N/mm") : \
Young's Modulus (kN/mm>) 10 g 0 35 9.5 207 70
Shear Modulus ﬁwz\ssmu 4 3.5 28 1,30 0.75 83 26
Poisson's Ratio 0,18 0.13 0,22 0.33 0.50 0.3 0.32
Coeff. of Expansion (c¢) -1 x 107° 30 14 5 90 5 12 22
Specific gravity 1.5 1.7 2.5 1.2 0.60 7.8 2.7
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CHAPTER 2

BOX BEAMS UNDER COMBINED BENDING AND Snear

2,1 INTRODUCTION

Beams form 'main members iﬁ?aféﬁmpiéfefsfiﬁétuiéfaﬁa”thérefore
the research programme wasidireéteaiinitialiy«fof fﬂe‘deéignzef a
G.R.P. beam to sustain suitable loads compared to those adopted in

ordinary buildings. The manner of 1oadihg1sﬁ§wnfin'pig (2.1) was

adopted thus subjecting the beams to the effectrof/cembined bending

and shear,

2.2 SECTION SELECTION

In selecting a G.R.P. beam/section,:éeVeral requirements need

to be satisfied chiefly:-

(1) The section should be economical as

material’,

(2) The section should have}a?reasonabl’éétiffnesé’to,rQSist deflec-
tion buckling and torsion.

To satisfy the first requirement the Seetidn*Shoulé’be\a thin'

walled section. Several types of thln walled sectlon were con51d-\
ered of ‘which a- closed box sectlon emeroed as the most sultable one:.

The main advantage of a closed box sectlon 15 1ts hlgh tor51ona1

rigidity compared to open sectlon° Also a closed‘sectlon has its

elements fixed to each others whlch ensures a reasonable 1oca1 and

overall buckling and warping‘resisian¢eoz The only dlsadvantave of

a close box section beam 1S that 1ts manuFacture 15 not as 51mp1e

as an open sectlon espec1a11y when con51der1ng hand 1ay up technlnuesow

uccessfullv in

Box beamns have also been used extensmvelv and S

bridge decks and in many aspects of




2.5 SECTION DESIGN

nesses (EI and GJ) for a sectlon so as to control flexural and

torsional deflectlon and buckllno a box sectwon Op gross sectional

2
area of 900 t mm” fig (2, 2) was con51dered as agcase for study

Using the notatlon below for the sectlon-r

E = Young's modulﬁs

I = 2nd moment of afeé

G = Shear modulus

J = Torsional moment of area

t = Thickness of the section

b = Breadth of the section

d = depth of the sepgion/

As the section is syﬂggti'halkihei

the 2nd moment of area I mgv be-@fftteﬁ as

Sprnye (G .01

Ina 2 )
As the section is a thin walledzqne;ff1isfsmali’compared,to\

the dimensions d and b hence'rewriting;e;ugglfpg(Z,l) ignoring terms

which include higher orders of’tfwézﬁéiéfzaf:77

_ d.2.-2td i . (D))
Iy = 226G+ e ..

1.€,
2 : ~
(o mtdii(Gbad) (2.3)

NA =~ 6

The torsional 2nd\momentfafwar?a“° - w0

t2°4)"'“'ﬁ




Where Aenc = Area enclosédeYii losed portion
of cross section = bd and Aéiﬁgz-;‘ Ztotal perimeter of the section
.t thlckness of the sectlon

='2f54&)§

Hence substituting for Aené”and,jd§pér iﬂ édué£i6ﬁ'f2f43f75

4tb2a®

20b+d) ‘ (2.5)

2tb2d2

T b4

(2.6)

The total area of the section is 2(b+d)t mm and 51nce this is

2
equal to 500 t mm~ (see 1n1t1a1 assumptlon) 1t follows that

b+d = 450 mm (2.7)

Values of Iy and J in édﬁitfbns;(‘.4)7andr(2{6) cénzbe,yaiied‘by

substituting b and d acéér&iﬁé‘ég“fhé/’elétidn’b+d‘ 450“5f?é6uation

(2.7). Graphs if I and J were plotted,agalnsrb andfd:flg (2.2)

and three cases arose for the same cross sect10na1 area (900 t mm )

and these were

(a) either d §<\E

(b) d =b

(c) or d=z>b

with the maximum J. Case (CQ/Whef,

the:maxdmum INA and minimum J

”/;5015£ionrand“ans
:From flg (2 2) a

‘ 1the follow1ng




section properties

o
i

e’
1

300 mm

NA T 11,25 x 1Otmm4 ;;; e

9.x 106t mmé.;;

=
[

<y
1

Sharp corners of the box sectlon wefe/slightiy rounded/f;g (2.3)
to reduce stress concentrat1ons. A nominal thlckness of 4 mm was
adopted for the webs and tension Flange, whllet'a nomlnal thlckness
of 6 mm was adopted 1ate; for the eompregs;pgjglange after’eepilot’

beam test, to reduce the tendency for local buckling.

2.4 DIAPHRAGM DESIGN

Diaphragms in box beams are needed for two main reasons.

{i) To prevent beam wafpiﬁéiéﬁ&%distortidd?’?7?

(ii) To decrease the tendencv of bucellng of 1nd1v1dua‘je1eﬁeﬁﬁs

of the beam by restralnlng the beam element at sultable

spacings.
2 1 2 2 2 .3 2 4

Many papers have appeared on box glrder beams
2, 6

2:5_ 29_6 i % 2~5

“and yvet very few = and /zof?them deal with\the\spacing

of diaphragms.
2.5

substltutlng for the

-1 898 m whlch

He@e er a spacing




of 500 mm between diaphragms was considered to be adequate for two

reasons.

Firstly the Kristeckformula was mainly introduced for concrete

box beams which are more rigid than G.R.P. box beams and secondlv

even distribution of diaphragms along the beam is necessary to pre-

vent wrapping at beam ends and at points of applications of loads to

prevent local buckling., A diaphragm thickness of 6 mm was considered

suitable.

2.5 BEAM REINFORCEMENT

Based on the theoretical analysis A Rothwell 2¢/  claimed that
the optimum fibre orientation for buckling in compression is 45°
and in shear is 600° Q C Alkhayat 2.8 on experimental evidence
found that a multidirectional laminate of O + 45 gave the optimum
orientation to resist buckling in compression and -45 to resist
buckling in shear. Richard 2.9 also considered a similar fibre
orientation adopted by Rothwell 2¢7

In the light of the above divergence of views it was decided
to design five box beams with different fibre orientation after a

pilot beam had been tested.

To reduce the number of parameters involved webs and diaphragms
were reinforced with equal fibre orientation and compression and

tension flanges were also reinforced with equal fibre orientation.

Symmetrical layering of fibre layers was also maintained in all

ic conditions in each
components of the beams to ensure orthotropic ¢

element by eliminating the coupling matrix Bij°

Table (2.1) shown the type, number and fibre orientation in

each beam element with respect to the axis defined in fig (2.4).

Chopped strands were used at the corners of the box beam to reduce

stress concentrations, and local reinforcement of chopped strand




mats were also used to bond dlaﬁﬁragm/ ts fio (2 1)
barag nts tig (2.1).

2.6 SUPPORT AND BEARING DESIGN |

Special details were 1nc0rporated in the box beam (see flv (2.5)

at the supports and where the 1oads were applied°f0iith%:fcllowinc

reasons: -

(2) The additional diaphragms and stiffence.

of the shear thus reducing thé:téﬁdeﬂcy erthefWégité:buckle

in shear:

(b) To prevent local deformation iﬁjtheﬂteﬁéionfand/éompression
flange. o
Accords Vlasoq 201011

(c) ccording to Vlasov thln walled members are subjected

to bimoment stresses and the spec1a detalls whlch created closed

square sections (50 X;SO;mml’.edu§§s§these stresseéitog;ero (see

Appendix A).

2.7 BEAM INSTRUMENTATION

Fig (2.6) shows a genefél schéﬁétigiléyohf’of/thefstraih and
deflection-gauges adopted for the bdx/beémg,}

2.8 BEAM CASTING

With the difficulty of casting”avbOXEbeam wlth:diaphragms

in one stage mould it was necessary to develo - a method Wthh involved

a sequence of steps whlch led eventually to the desired box beama

The procedure was as follow5°

(1) Using a suitable mould flg CZ 5};cast two lavers of flbre for

the tension, compr8551on flanve and one web orming a U{shape,

(2) Cast the dlaphragms to the requlred thl,kness from a Separate -

mould,

ssemblies and

(3) Now inéért\the dlaphragms sup ort and bearlng’a
,51ng chopped mat

bond them to the sides of‘thQ}Uf§




”place it on

the top of the dlaphragms and bond with choonedamat along the corners

of the bean.

(5) Lay up the rest of fibreilayers éﬁd?éﬁié@jtoicure

2.9 BEAM ANALYSIS

Generally the following,méthods are uéed;for énalfsis of box

beams: -

(1) Simple beam theory basé& ;n fféﬁsformed sg;tion
(2) Folded plate theory 2t 12
(3) Finite element method 2.13
(4) Finite strip méthod 2.14

Due to the complexity of the last ﬁhﬁée/mefhods,which would

require complicated computer programmes, it was decided to check

the validity of the first meéhod‘whichQiiimdréltdﬁVéﬁiént,td:the

designer and only requlres the:use of a,programmable desk calculatoro

The method is detalled below

2,10 THEORETICAL ANALYSIS

‘The analysis of the beam is carried out in the following manner:-

(1) The elastic propertie§'for the beg@;éigmgnts were found from

experimental methods using specimens cut from the middle pertion of

Longitudinal andftrana;érsepmﬁd

each ‘beam.

Uniform cross-section specimen/

chapter were used.

The testing of tenslle and compr6551”'“ /1mensgwas carried

out using the Denison testing machlne w1th a suitable rate of loadlng

and an average of three spec1mens results was con51dered sultableg

To determine the shear m9d31U5:fg?ﬂt@?’?epfe%?@eégs—ln iy




‘i By B EES R ...

where

m
Hi

5. =
1 modulus at 45° tgo the’referencefaxisr

longitudinal modulus

m
"

m
it

transverse modulus

shear modulus

[}
1

vLT

longitudinal Poisson's ratio,

(2)  The average thickness of each beam e! . wég,éompression

flange, diaphragms etc.,wéé mgasuredrbv a sultable mlcrometer.f;As
for each element the elastic modulus is dlfFerent along the 1ong1t*

udinal direction and equlvalentrthlckness was 1ntroduced for each

beam element (see Tables 2. 2 216) Wthh was based on the elenent
longitudinal modulus relative to the longiﬁudétof”the COmpressive

flange, for example the equivalent thickness of the web =rAverggé

E web
E comp, flange

thickness of web x 5 ,ThuS ¢nJQquiva1ent (or trans-

formed section is found from which the equivalent section properties

2., %, are obtained Table (2.8 and used to compute the stresses in

the analysis., Diaphragms and loca

by a strip 1n the equlvalent sect10nc/’

method of analysis worked for beam ype

(3) The theoretical compressive’and-ten51le»stresses were .computed

from the simple bending theory\equa?ign




(4) For the box sectlon the max mum dccﬁrs"5£\tg“7'

above N.A.

Y = the distance fro JtO\N.A; 3\

o
il

breadth at N. A

(5) The maximum deflection whlch occur at the centre of the beam

fig (2.1) may be calculated from/the/equatlonfreadllv obtalned bv

the area moment method.

Wa(SL 4a/ﬁ .

¢

where
W = total load applied

L = span length

(6)

equation



The maximum compressive Stressfw1ll o?*ur for dlaphravms

between the support and applied

ThlS method 15 baced on two

assumptions. Firstly, the effects of webs and flanges are neglected

3.

and secondly, the shearjﬁg;/eigﬁ hg;the/heéﬁ’isfesgumed to produce

an axial compressive force on Ih@;digph agm

2.11 CRITICAL STRESSES

As the box beam is composedidf;thi’iw ii d ;ments local buckllng

of elements is liable to occur during lbéding,, De51gn conszderatlons

for buckling in such case becomes a neq'w Methods for predicting

critical stresses which produce localxbuckling¢infveriogs elements

of the beam are describe@,behgw;7‘

2,11.1 Diaphragms

The boundary COHdlthDS of each dlaphragm were con31dered to
be fixed along all edges., Each dlaphracm was therefore treated as
a built in plate subject to end compr6351on caused bv the shearlnc

force. The theoreticalwcriticgl_compressiygnstress may be compdted\

using Bulson 2°15 equation

where



o
il

thickness of;diapﬁgaém;

o
i

width Qf;diaphragm““

Vi, Vp = longitudinal and transverse

Poissonfs/;atiq Trespectively

2,11.2 'Webs

To predict the critical shear stress Whiéhfweliéﬁroduce buckling

of the webs, ‘the webs were treated as

2,16

vith clamped edges.
An equation given by Timoshenko for the rltlcal buckling

shear stress for orthotroplc 1ong plates Wth the same boundarv

conditions was used as follows/

1
|

“CT

and e |
4K/D H -
) for (2919b)’
bt
/DD - .
where 6 = ~%%i£ and X value dependant on 6 obtained from able
(2.9).

o+ H, b and as defined before.

2,11.3 Compre551on Flange

stress in the compress*on/flanoe was obtained
2 15

The local buckllng

for box
from a modified form of the equatlon

sections constructed from 1sot




LT E t

T
¢ o B2

where K is a factor dépendihguoﬁ'fhé;r\

pression flange which in this”daééifg{éq

T
!

the modulus of elasticity

t
"

thicknéééﬁ c

o
I

<
fl

E was replaced by /ELE

2 .
and v~ was replaced
basic Bulson equation becomes:-

2 -
s / : /
. Rt..ELET/;icgz
cr T T2(T=v.vl)

e

where E» B is the longitudi@éi and
vaL is the longitudinéliandjttéﬁsﬁeiséiPQiséqn}$}jétipifor/

the flange.

t, b is the thickness and the‘Widt:

2,12 "EXPERIMENTAL PROGRAMME

failure.,

2,13 DISCUSSION

2,13.1 Mode of Failure

The mode of failure of the pilot

7

beams B1-B5 was similar fig (2




and was accom-

stress.

i.e: B
cr comp

where £ _ is the critical local Bﬁcki;ng and

compressive stress.

Substituting for f_ in equatior

2
K VELET

12(1- vaT)J

considering for

where

fl

£ 198,41 N/mm
comp / -




61

il

2
- EL = 17.81 kN/mn

E

1l

_ 2
7= 4.95 KN/mn

and equation (2.23) results in t 7 11,89 mm which means that failure
of the beam compression flange in loca] buckling cannot be avoided

unless the ;ompression flange thickness is at least 2% its adopted
thickﬁess (5.30 mm). For economic considerations the increased

thickness could be limited to the middle third zone of the compres-

sion flange. The use of external or internal stiffening ribs may

provide an alternative solution.

Predicted local buckling stress Table (2.10) for beam series
were in general 6OZ of the maximum compressive stress whic

Bl-B5(agreed well with visual observations. Table (2.11) shows

that the maximum exhibited shear stress in the web exceeded the
predicted critical shear buckling stress whereas in Table (2.12)
the maximum stresses exhibited in the diaphragms were considerably

lower than the critical buckling stress range.

2,13.,2 Fibre Orientation

Beam type Bl attained the maximum failure load 65.00 (kN)
followed by beam type B5 (62.5 kN). The multidirectional fibre
orientation (0, +45, -60, -60, +45, 0), did not seem to have a
great significance on the failure load as the failure was governed
by local buckling in the compression fiange, The laying of fibre
with the designed fibre orientation in the case of beam B4 required
more time compared with beam B3 (bidirectional fibre 0/90). In view
of the number of reinforcing layers beam type B4 is the most expensive
ngineering construction sites where the

in the series. In civil e

accuracy, time and cost are important facters, it is advisable that
3

. . . ) s
1 1di i tions in structural membe
complicated multidirectional orientati

. . : t the use of
” should be avoided wherever p0551blep In this respec




bi-directional reinforcement (0/90

directional relnforcement

2.13.3 Prediction of "\Stf\éﬁs'?sﬁ\’e\’s;\ |

stresses, the good COTTel&thn onlv applled up:to the 11m1t where

local buckling began after thls point stresses tended toédecrease

figs (2015 and 2018)° Computed shear stresses:were generally

lower than the test data flgs (2 27 2 32)

2.13.4 Deformations

Predicted deflections were 1

o

figs (2.9-2.14) -and a corteétign

The deviation from theory;méyfbe/ u VQ?thé intéyectienfot/diaphragms

and the irregulatives of beam element t;1ck essn Thé:ﬁéximum‘defl-

ections at failure for the beam series 1B1 BS are exce351ve com-

P
pared to the allowable deflectlons set codes of practlse and thls

is due to the low modulus of GnRoPly/x

In the case of G,R.P, beams it is possible to exceed allowable

~ -

deflections specified for other ma

not observable and do not;?ffétti h

2,13.,5 Lateral Stability~/

All beams experienced betWeehe ’t':algdefleétlon

fig (2.34) which 1ndlcated that the beams Wer reasonably stable

laterally up to faiiureﬂuff”“f\




2.13.6 Safety Factors

stress in the compression flange wer/*also 1n/“

(2.15). The theoretical fallure 1oads are 1ower than the experl—

mental loads and the correspondlng factq
2.51 to 4,72, “As the fallure‘by\localfb‘ ;qu domlnant\in

ctor»of”Safetyf

all the beam series, it is recommended t

based on the theoretical localfbﬁckiiﬁg;/ héﬁidééefused in

G.R.P. box beams:, /féﬂi‘;

Factors of safety depend also on the/: ;erof load Qibﬁs /

and Cox (2.17) suggested the follow1n0 safety factorsnr%; -

Static short term loads .

Static long termflbad§;f

Variable or ehanging7iéé‘:: “
Cyclic load\

Fatigue loads’
Impact 193d5/ﬂfiife

working stress.

Makowski 2.18 Suggested’si@iféf}/ / /2/7,ij;{175/9£ﬂ33£§fyg

2,14 "CONCLUSION

The following conclusions may b ,?3Wh~fr9mfth§ffo?eg01ng

discussion.

(1) Although a G.RDPO\bdXZ\b\é‘ém? ma)’ n?é demed o 0 \th\e\

basis of its section CaPaCiFYith

local buckling in the °9@???Sslen

5




compression flange is usuallyfhldde andﬁ;her@fgiecféiiﬁre may

occur suddenly without warning which implies that an adequate factor

of safety must be used based on the critical buckling stress.
(2) G.R.P. box beams may exhibit,iaféé,deformgtions without failure,
(3) Additional stresses/in;thefférm’ef'bimbment §trésses/due to

Vlascv 2,10

theory mug?:bé;;aféﬁéé;fgr,inﬂdesigéiﬁg thin walled
G.R.P. structural eleﬁeﬁfﬁ éﬁélﬁhé%é&éripossible?;afﬁemffs/shqﬁld
be made to reduce themo// - - e -

(4) A design which eliminétég/the‘failure;of‘GoRiP;/bpx Eeams by
a local buckling mode may prove fo be eipensiveo

(5) The use of chopped mat‘reinforcementwarqund thejcqgners of
the box beams was effective in;Conérgiliﬁgigtreééfconcentfationsn
Also a minimum lapping 1¢ﬁgtﬂféf1QO1ﬁmin:ieinf0r§ing/lgyers was

satisfactory.
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0 18.6

0.2 18.9

0.5 19.9
1 22.15
2 18.8

3 17.6

VALUES OF THE FACTOR
2.19.A AND 2.19, \
WITH CLAMPED EDGES
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FIGURE 2.37 MODE OF FAILURE BEAM TYPE B2

FIGURE 2,38 MODE OF FAILURE BEAM TYPE B3
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CHAPTER 3
BEAM TO BEAM CONNECTIONS

3.1 INTRODUCTION

One of the major advantages of- G,R,P. is that in manv cases
the basic material mav be used to form the connection between two
parts in a manner analogous to the construction of connections in
steel. However, G.R.P. being brittle and generallv anistropic
cannot relieve stress concentrations in the manner of steel. The
joining devices in G.R.P. connections include adhesives and metal
fasteners such as steel screws bolts and rivets. Each joining
device is appropriate for a particular structural consideration.

For example adhesives are used for static loads and when the failure
of the joint is not critical to total structural failure whilst
screws and bolts are used for static or dynamic load 3.1 Jointing

devices will now be discussed in some detail.

3.2 ADHESIVE BONDED JOINTS - INTRODUCTION

The main purpose of adhesive - bonded joints is to provide
a mechanical connection between two structural components. In those
joints the stress distribution should be uniform over the entire
surfaces and adhesive bonding effectively satisfies this reauire-
ment whereas it cannot be fulfilled by metal fasteners owing to the
limited contact surface. The use of an appropriate adhesive fre-
quently enables joints to be produced at equal or reduced cost and
often with a saving in weight as compared with conventional fasten-
ing methods. Adhesive bonding can be employed to advantage for
instance in cases where a thin, flat structural component must be
connected to a thicker flat component, as it ensures that the

strength of the thinner component is fully utilized. By contrast,
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if conventional methods of fastening with screws or bolts is used,
the joint obtained will have a strength which is limited by the
area of contact of the thinner component. Adhesives frequently
contribute important properties.that are not provided by mechanical
fasteners. For example because an adhesive extends over the entire
area of the joint, it can act as a sealant nreventing the passage
of liquids provided that thev do not attack the adhesive chemically.,
Adhesives also provide thermal and electrical insulation. An
important advantage of an adhesive - bonded joint is that the
external shape of the bonded parts is not altered, i.e. there is
no visual indication of the actual joint as in the case of mechanical
fasteners.
However, adhesive bonded joints suffer from the following
disadvantages.
(1) Surface of adherends require cleaning prior to bonding.
(2) Relatively long curing times are required and this can
add to the cost of the operation when considering
tightly scleduled construction periods in civil engine-
ering.
(3) Adhesives tend to creep more than the adherend material.

(4) Low peel strength.

3,2,1 Design considerations for adhesive - bonded joints

Although adhesive bonding makes it possible to produce joints
which may be reliable, considerable care must be taken in designing
the joint., It is hardly feasible to produce a bonded joint which

can permenently withstand all types of loads arising from external

forces.

It is essential to follow strictly the instructions of the
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adhesive manufacturers which normally indicate the limits of appli-
cability with reference to the tvpe and magnitude of loads or to
external effects such as temperature and humidity, The main tvpes
of stresses encountered in adhesive bonded joints are shown in

fig (3.1). In general the joints should be designed so that thev
are mainly stressed in shear and tension. Peeling stresses should
be avoided as much as possible. In addition bonded joints should
be designed to eliminate the occurrance of high local stress peaks

such as those in rivetted joint shown in fig (3.2a).

3.2.2 Design Applications for Adhesive-Bonded Joints

Butt joints of the type illustrated in fig (3.3a) are the
easiest to produce, but are hardly suitable for the transmission
of forces as the bonded area is small and the strength of the
adherends is many times greater than those of the adhesives so
that their ability to transmit tensile, compressive or torsional
loads is limited to the strength of the adhesive. The right angle
butt joints illustrated in figs (3.3b-d) are also simple to produce
but the type in fig (3.3b) is suitable only for lightly loaded con-
structions. A better solution is a combination of butt and lap
joints fig (3.3e).

Lap joints are the more commonly used than other types of
joints, Fig (3.4) shows various types of adhesive bonded lap
joints., A simple type of lap joint such as fig (3.4a), when sub-
jected to shear by a tensile force will produce a non-uniform stress
distribution fig (3.5¢). The non-uniformity of stress distribution
is caused by two factors i.e. by the stress differential between
the joint surface and the adhesive layer and by the deflection of
the overlap surface due to the parallel offset of the positions of

force application resulting from the respective thickness of the
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adherends and the adhesive laver. The stress differential arises
because under a given load, the adhesive stretches to a greater
extent than the adherends. Offset loads, which are typical of lap-
joint designs, result in bending stresses in lap bonded joints.
Deflection of the joint under a given load can be reduced bv
stiffening the adherends or by reducing their thickness. It is
possible also to reduce the overlap length by the use of rivets or
screws at the ends of the overlap portion. Changes in the design
of the simple lap joint fig (3.4a) makes it possible to eliminate
or compensate for the effects of parallel offset in load application
and of differential stresses. For example the strav joint in
fig (3.4g) can provide a satisfactory solution to many problems but
is fairly expensive to produce and is feasible only with comparatively
thick components. The same advantages of good stress distribution
and also the same disadvantage are obtained with the bevelled lap
joint fig (3.4b), while the rebated lap joint fig (3.4c) has some-
what more favourable strength properties. The double lap joint
in fig (3.4f) provides a reliable joint at a low cost, Of the strap
joints figs (3.4h-k) which can be regarded as a combination of lap
and butt joints, the double strap joint fig (3.4j) which has good
strength properties but is expensive to produce. The bevelled
double strap joint has a good stress-distribution pattern but is
appropriate only if strips of the apﬁropriate profile are used
otherwise machining costs will be excessive.

Detailed analysis of internal stress distributions within a
structural joint using approximate analytical 3.2 or finite

element 5+3 methods have been carried out by several research

workers.,

Erdogan and Ratwani 3.4 - developed a model for the calculation



123

of stresses on bonded overlapped joints in plates and tubes., The
model was based on the assumption of generalized plane stress.

Sinha and Reddy 5.5 analysed the bond stress in joints bet-
ween orthotropic adherends taking into account the variation between
the curing temperature and the operation temperature which was
found to be an important criterion.

Hart and Smith 3:©  a1s0 investigated the problem of thermal
mismatch effects in bonded joints in some detail, and they observed
that temperature variation in the joint had a considerable effect
on the shear strength of the joint. The lap length was also found
to influence the stress significantly. Rather complicated apnroxi-
mate theories were developed by some investigators 5¢7, 3.9 for
predicting the shear strength of a lapped bonded joint, but the

3.7

simpliest was that attributed to Volkersen which 1s expressed

in the following form, considering fig (3.5a).

N To@ “cos’h & (x/c) (3.1)
Te 7 7 sin h & °
where
2 G
§ = i XC
Eth
and

E = Young's modulus of the adherends
G_ = Young's modulus of the adhesive

% = 2c = Length of joint overlap

t = Adherend thickness

h = Adhesive thickness
T = Shear stress in the adhesive (txy)

T = Tensile load per unit width applied to joint,
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. 3.10
Goland and Reissner presented a theory which predicts

the shear stresses at the joint which are largelv dependant upon
the strain in the adherend at the interface., They pointed out
that the maximum tearing and shear stresses reach asymptotic values
for large overlap lengths. Hence, provided the svstem remain
linearly elastic the joint strength reaches a limiting value with
increasing length of overiap.

The long term behaviour of bonded joints, which is an import-
ant factor, has not received much attention from research workers.

°

Recently Fairbairn carried out an experimental investigation
of the effects of acceleration age testing on adhesives in an
attempt to study the long term behaviour of bonded joints subjected

to creep, fatigue, elevated temperature and environmental conditions.

3.3 METAL FASTENER JOINTS - INTRODUCTION

In designing connections utilizing metal fasteners it is
necessary to provide adequate strength to prevent failure of the
fastener or the laminate retaining the fasteners. Bolts and
threaded fasteners, sometimes used with a bonding adhesive, are
the most commonly used with G.R.P. The selection of the tvpe of
fastener to be used depends on the load, laminate strength and
thickness and ease of disassembly when necessary.

At connections in which high tensile stresses act across
bonded interfaces, use of metal fasteners is likely to be necessary.
Bolts, rivets and screws of many types may be used for this pur-
pose,

In counteracting bond tension, metal fasteners act by carrying
a proportion of tensile load and in some cases by imposing an

initial compression across the bond, thus raising its apparent



125

tensile strength. Fasteners also act as ""peel arrestors' inhibi-
ting the propagation of local debonding. Metal fasteners introduced
with the primary object of preserving the resin bond should where
possible be designed with the secondary fail-safe capability of
transmitting all or most of the designed loads in the event of

bond failure. Due to the many types of fasteners in G.R.P. lamin-
ates, the use of only two types of fasteners namely threaded

fasteners and bolts will be discussed in detail.

3,3.1 Threaded Fasteners Joints

Whenever threaded type fasteners are to be used in G.R.P,
laminates, the fastener should always be perpendicular to the
laminate, reinforcement. Edge fastening should be avoided since
this tends to delaminate the laminate and has very little strength,

The strength of threaded fasteners in G.R.P. laminates depends
on a number of factors including the type of laminate, type of
fastener, depth of penetration, diameter of fastener, size of the
pilot hole and direction of loading.

Rufolo 5.1 carried out tests on two basic directions of
loading, axial which tends to pull the fastener directly out of
the laminate and transverse which pull the fastener sideways.

3,12

According to Gibbs and Cox ~° threaded fasteners should have

edge and side distances equal to two-and a half times fthe fastener
diameter and a spacing of three times the fastener diameter.
Tables were also provided by the same authors for the ultimate

strengths for axial and transverse loading of three types of fast-

eners.,

3.3,2 Bolted Joints

For bolted joints several types of laminate failure may occur



126

before the full strength of the bolt is attained. These failures
are tearing from the bolt hole to the edge of the laminate, tearing
the laminate along the line of the bolt holes and shearing a plug
between the bolt hole and the edge of the laminate. Tvpical modes
of failure in bolted joint connections are shown in fig (3.6).
Gibbs and Cox 5.12 recommended that the minimum edge dis-
tances for bolts should be 2.5 the diameter of the bolt in case
of bidirectional reinforcement and twice the diameter in the case
of chopped mat. Also the spacing between the bolts were restricted

to a minimum of three times the diameter of the bolt.

Wood and Hall 5.13 investigated bolted joints and concluded
that the crushing stress of a G.R.P. connection varies with

(1) The percentage of reinforcement

(2) The diameter of the bolt

(3) Ratio of hole size to bolt size

{(4) The method of forming the hole

(5) The type of reinforcement

(6) Whether the crushing is enclosed or not.

5.14 ~ analysed the strength of a bolted

Waszczak and Cruse
joint of composite with reference to the failure modes shown in
fig (306)9( They predictéd the failure load based on the distortional
energy criterion which exhibited good agreement with experimentally
failed specimens. The distortional energy may be written in the

form,

2 2 2

] I3 T
DIST. ENERGY = [_1- +{_2) (22
' \ “2u "12u /

1u

- 1 ¢ ¢
(22 (Z)




where ¢, ¢ , ¢ are the princi
I ple stresses and ¢ 6 I
1 2 1 “ 1u’  2u’ 1u

their corresponding ultimate stresses. The maximum stress (or

strain) failure criterion requires that the ratio of princinle
stresses (or strains) to their respective ultimate stresses (or

strains) be greater than or equal to unity for failure to occur,

3.4 OTHER TYPES QF JOINTS

Many other types of joints are available. For example a
combination of fasteners or bolts with adhesive has the advantages
of both types. In addition fasteners assist in fixing the align-
ment of the joint during curing of the adhesive.

A recent type of joint was designed by Arbed - F and G 3e15
which essentially consists of two sheet - metal washers to which
a number of metal wires are fastened by a stud-welding process.

The arrangement of the wires depends on the direction of the applied
force and the number and diameter of the wires can be made to suit
the stresses. The metal washers can have through holes or be

fitted with tapped welded nuts. Fig B.7a) shows one type of these
units which have the following advantages.

(1) A relatively small sheet-metal part for the fixing of
bolts or nuts disturbs the homogeneity of the material only,

(2) Through the spider-like arrangement of the wires forces
are distributed over a wider area and thus stress concentrations
are reduced.

(3) The wires prevent a sudden discontinuity in the force
field at the circumference of the metal fasteners.

Big Head Bonding Fasteners Limited produced a type of fastener

(fig (3.7b) which can be bonded and screwed or bolted on to G.R.P.

components.
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3.5 AIM OF INVESTIGATION

The remainder of this chapter will be concerned mainly with
the development of a suitable mechanical joint for G.R.P. box
beams having the same cross-sectional area as beams series B1-BS,
This investigation programme was carried out in three stages.

The first stage was concerned with the design of a joint con-
figuration and the selection of a suitable type of fastener. In
the second stage the behaviour of the selected joint in fibre oriented
beams was investigated. In the third stage a study was made of

the behaviour of long span box beams with multiple joints,

3.6 JOINT DESIGN

The trial 3 m span beam series Bl was cut into three parts
fig (3.8) and the damaged portion was removed leaving parts A and
B, to be joined, by a suitable G.R.P. joint. Three alternatives
were considered for joining these parts and these are shown in
fig (3.9).

(1) A closed G.R.P. box unit which may be inserted into
the two parts to be joined fig (3.9a)

(2) A joint consisting of two external G.R.P. channels and
two internal plates fig (3.9b).

(3) Two overlapping channel sections used externally

fig (3.9¢).

After careful consideration the first alternative was elimi-
nated(though it looks attractive due to irregularities resulting
from hand lay up techniques.

The second alternative was also eliminated due to problems
in fixing the internal plates and due to the fact that the two

channel sections provide continuity along the webs only., The
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The third alternative was adopted due to its simplicitv and also
because it provides continuity for the box beam elements along
both webs and flanges. In addition the compression and tension
flanges are strengthened at the joint cross-section by two thick-
nesses of the overlapping material,

The length of the overlapping channels was chosen to be 450 mm
for the provision of a suitable lap length between parts of the
beam to be joined the reinforcement for the channels was four layers
of bidirectional and four layers of chopped mat laid in alternating
layers. The reason for chosing this type of reinforcement was that
both longitudinal and transverse stiffeness of the member is needed
to provide for the various stresses to which the joint is subjected.
The chopped mat also helps in relieving stress concentrations around
the fastener, Fig (3.10) shows the detailed dimensions and reinforce-
ment of the overlapping channels. The position of the fasteners
in the channels is shown in Fig (3.11) these locations were chosen
to comply with the following requirements:-

(1) The spacing between fasteners and the edge distance to
the nearest fastener not be be less than three times the diameter
of the fastener,

(2) A staggered arrangement of holes in the web was adopted
to minimize the effect of weakening the channels components.

(3) The orientation of holes in the compression and tension
flanges was such as to allow long fasteners or tie bars which would
not foul fasteners or tie bars used in the yebo

(4) The optimum number of holes were adopted in order to

minimise the weakening of the beam units at the joint.
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3.7 'STAGE '1 INVESTIGATION

As there are a wide variety of types of mechanical fasteners
used in G.R.P, laminates, the investigation was limited for four
types of mechanical fasteners namely:-

(1) 1long tie bars

(2) self tapping screws

(3) rawl plug bolts

(4) high tensile bolts.

The details of these fasteners are shown in fig (3.12). Each
type of fastener was used to connect two 1 m beam units fig (3.13),
except that for the long tie bars the beam units were obtained by
cutting the trial beam Bl into two 1.250 m beam units. In all
beam units the reinforcement type and orientation was identical -
see Table (3.1). In addition an end diaphragm was fixed in the
beam unit at the joint to prevent the connected beams from warping
and buckling at the joint.

Where long tie bars were used the procedure of joining the
beam units was complicated and included the following steps.
Referring to fig (3.14):-

(1) After casting the two overlapping channel components
the two beam units A and B were brought together enclosed by the
two channels and the whole correctly aligned and drilled

(2) The two channels and beam units A and B were then dis-
mantled.

(3) The threaded tie bars were inserted through the specially
provided access holes. Internal nuts and washers were then screwed

flush against the inside walls of the units

(4) The additional diaphragms were then added at each joint

end.
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(5) Units A and B were then brought together and enclosed by

the lapping channels and after correcting aligning them, thev were

drilled.

External nuts and washers were then applied to complete the
joint.

In the case of self tapping screws self rawl plug bolts and
high tensile bolts the procedure was much simpler and faster. It
essentially comprised of enclosing the beam units in the overlapping
channels, correcting the alignment and marking out for drilling,
However, in the case of the high tensile bolts it was necessary
to form a 110 mm diameter access hole fig (3.13) in the webs along
the neutral axis to allow for inserting and fixing nuts and bolts
from inside the beam.

The jointed beam units resulted in the following series of
beams,

Beam type Cl (included long tie bars joint)

Beam type C2 (included self tapping screws joint)

Beam type C3 (included self rawl plug bolts joint)

Beam type C4 (included high tensile bolts joint)

A four point load test was applied to each beam thus subjecting
the joint to constant bending moment.

Additional external ribs fig (3.13) were cast into the box
beam units at the supports and load points to prevent local buckling
due to high bearing stresses. The ribs were reinforced by 10 layers
of chopped strand mat. Fig (3.15) shows a typical beam assembly

and instrumentation for beams series Cl-C4.

3.8 TEST RESULTS

Load versus deflection strains in the compression and tension
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flange were plotted for selected gauges at and near the joint

fig (3.17-3.21)., In order to compare the behaviour of each type
of fastener used in the joint, load versus shear strain at centre

of the web was also plotted for beams C1-C4 fig (5.22).

3.9 EFFECIENCY OF THE CONNECTION

The effeciency of the beam connection is expressed as a
percentage of its failing load relative to the failing load of a
non-jointed beam having the same cross-sectional area, span, and
fibre orientation etc.

As the jointed and unjointed beams did not have the same span
the results were normalised in the following way:-

Let new span of the jointed beam be L1 m and original span
of the unjointed beam be Lm' Let the failure load of the unjointed

beam be W kN and failure load of the jointed beam be W, kN,

1

Assuming the same cross-sectional area and fibre orientation

in both cases by simple bending theory we obtain.

f = %- = gé- (For unjointed beam) (3.3)
and
M wlLl
f =5 = - (For the jointed beam) (3.4)

on the assumption that the same mode of failure will .occur, from

equation (3.3) and (3.4) we obtain

W
1L (3.5)
W L1
or
WL
W= o
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Beam series Cl-C4 have the same Cross-sectional area and reinforce-

ment orientation as beam B1.

3.10 DISCUSSION - STAGE 1 INVESTIGATION

From Table (3.2) and the graphical plot of load versus strains
fig (3.18-3.22), it was possible to compare the performance of
each type of fastener. Beam types Cl, C2 and C4 achieved the maxi-
mum efficiencies and the failure took place awav from the joint

while beam type C3 resulted ina joint failure
failurepand achieved the least effeciency. Beam series Cl, C2 and
C3 attained a greater deflection and failure than beam C4 and
their load deflection behaviour was non-linear fig (3.17) stress
concentrations were observed around the fasteners in the case of
beam types C2 and C3 while this phenomenon was not observed in
beam type C4. The rate of recovery from the deflected form when
the applied load removed was noticed to be highest for beam type
C4, followed by beam types C2 and Cl. Further more, in the case of
beam type C3 the beam only recovered partially. This was due to
the fact that some rawl plug bolts retained their original non-
buckled form., Some of the tie bars were buckled in the case of
beam type Cl and in the case of beam type C3, the joint failed by
the pulling out of the joint - self tapping screws. Despite the
110 mm diameter access holes in the beam unit webs in the case of
beam type C4 which meant weakening the beam units near the joint,
this beam achieved the maximum ultimate load.

The load-strain graphical plots fig (3.18-3.22) showed that
beam type C4 attained the maximum elastic range in comparison with
the other beams., The non-linear behaviours which was exhibited
by beam types C1-C2 and C3 figs (3.18-3,22) corresponded to the

behaviour of their fasteners which suffered from buckling (beam

types Cl and C2 and pulling out (beam type C3). In all beams the
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strains in the beams near the joint were larger than those at the
joint itself fig (3.18-3.21), which may be due to the stress con-
centrations around the fasteners.

Although rawl plug bolts have the advantage of being easv for
fixing they suffer from two main problems. Firstly, the tolerence
of these bolts are fixed fig (3.12b) whilst the thickness of the
joint (considering the irregularities of the surface using hand
lay methods).is variable and secondly the buckling of the outer
frame of the bolt which controls the Yightness of the joint depends
to a great extent on personal judgement,

From consideration of the above discussion it is clear that
the high tensile bolts were the most effecient type of fasteners
from amongst those used in the investigation.

3,11 STAGE 2 INVESTIGATION

Beam series B1-B5 of the tests on which were described in
the previous chapter, were reused in this investigation in the
form of beam series C5-C9. The damaged portions of beam series Bl-
BS were cut out resulting small beam units of 1 m lengths with
different fibre orientation fig (3.23). The beam units were then
assembled fig (3.24) and the two G.R.P. lapping channel jointing
system was used with high tensile bolts as fasteners. In this case
the joint details were kept identical in beam series C5-C9 except
that the fibre orientation was different and corresponded to the
original beam series B1-BS5 Table (3.1).

Beam series C5-C9 were tested in the same manner as beam
series Cl1-C4. Fig (3.24) shows the assembly and instrumentation
for beam series C5-C9.

Load versus deflections, strains in the flanges and shear

strains in the webs were plotted at and near the joint fig (3.25-
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3.40), in order to study the effect of fibre orientation in G.R.P,

box beams,

3.12 DISCUSSION

The modes of failures in beam series C5-CO were similar in
all cases, a crack propagated in the compression flange near the
joint after a visual local buckling occurred in the compression
flange near the joint. It was possible to trace the local buckling
in the compression flange from the load versus strain plots
figs (3.26, 29, 32, 35 and 38)., The strains in the compression
flange near the joint were initially compressive but at a later
stage in the loading became tensile. With local buckling occurring
in the compression flange it is well understood that failure should
occur at the weakest section which is near the joint.

Another feature shown in the failed beams, was the presence
of a highly localized region of delamination at the bolt-joint
interface. The effecieny of the connection based on the same cal-
culation described in section 3.9 is shown in Table (3.3) for the
beam series C5-C9.

Load versus deflection plots figs (3.25, 28, 31, 34 and 37)
showed good linear behaviour at and away from the joint.

The maximum deflections at failure ranged from 24.95 mm to
36,79 mm in the beam series C5-C9. Beam type C7 and C9 achieved
the maximum efficiency but the second largest deflection in the
series, while beam type C6 attained the least deflection and the
maximum ultimate load. In terms of least .. deflection it was
considered that beam types C6 and C4 were better than others. In
view of the test results Table (3.3) and various graphical represen-
tations fig (3.25-40), it may be concluded that fibre orientation

ih the beams had little effect on the behaviour of the connection
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for two reasons. Firstly the mode of failure of the beams was
identical and secondly apart from beam tvpe Cl the ultimate loads
reached were comparable. Deflection at the joint depends to a
greater extent on the type and the thightness of the beam units

with the jointing channels. However, it is advisable that at joints,
the lapped region of the beam sections should be reinforced with
bidirectional material to resist the various stress directions to

which the joint may be subjected.

3,13 STAGE 3 INVESTIGATION

The first two stages of investigation dealt with the behaviour
of joints in short span box beams in which the joint were subjected
to the effect of pure bending. Since in practise the need for
longer beams with multiple joints may arise and in this case the
joints are subjected to bending and shear, it was decided to investi-
gate the behaviour of a long span box beam assembled from small
beam units with multiple joints. It was also decided to test the
beam with a central load thus subjecting the mid span joint to
the effect of maximum shear and bending.

A 6 m span beam type C10 was assembled for 1 m beam units with
five joints typical of those used in beam series C4-C9. Fig (3.42)
shows the beam assembly and instrumentation. Details of the beam
unit and reinforcement are shown in fig (3.41).

For each beam unit it was necessary to cut two 110 mm access
holes to allow for fixing the bolts and nuts.from the inside. Care-
full alignment was made before jointing each beam unit, to ensure
the straightness of the span.

Load versus mid span deflections and strains at and near the

joint were plotted for selected gauges figs (3.43-46).
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3,14 'DISCUSSION

The failure of the beam took place in the compression flange
of one of the beam units adjacent to mid span and occurred near a
joint at a load of 20 kN and accompanied by large deformations,
Dual gauges were not useful during the application of the first
increment of load and were quickly replaced bv meter scales fixed
to a datum level and readings were then recorded. Load versus
mid span deflection fig (3.43) indicates that an overall linear
behaviour was exhibited, up to 62% of the failure load. The maxi-
mum deflection at failure of 130 mm represents %gﬁh of the span
is considered to be large compared with the allowable deflection
in codes of practise for concrete and steel beams. Strains in the
compression flange and mid span, fig (3.45), shows a non-linear
tensile strain developed at mid span indicating that local buckling
near the joint in the compression flange developed at an early
stage of loading.

From Table (3.4) and the corresponding vertical profile at the
joints fig (3.47), it may be concluded that a reasonable profile
of deformation of the beam along the span was exhibited, during
various stages of loading. However, theoretically the deflection
at the joints? 1 and 2 should be identically the same as at the

joint 4 and 5 (Table 3.4) but due to the interaction of the joints,

a slight variation was recorded.

3.15 CONCLUSION

The following conclusions may be drawn out from the 3 stage

investigation on joints:-

(1) G.R.P. jointing components can be formed in various

shapes analogous to those in steel or other metals.
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(2) The selection of a suitable fastener in a G.R.P. joint
is extremely important as each fastener serves a special type of
structural action.

(3) The tightness and gripping of bolts in a G.R.P, jointing
component is largely responsible for its effeciencv, but on the
other hand excessive torque applied to the bolts should be avoided
since this can lead to crushing of the material under the nut or
bolt head,

(4) Long G.R.P. span beams can be assembled using multiple
joints provided that the problem of large deformations is overcome,

(6) In joining G.R.P. beams using bolts an optimum number
of fasteners should be used since using a greater number of bolts

can lead to weakening the connected beam at the joint.
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Deflect at € of Joints (mm)

Load
increment
(kN) . ) X
Joint 1 Joint 2 Joint 3 Joint 4 Joint 5
0 0 0 0 0 0
2.5 6 12 13 12 6
5 12 25 28 24 11
7.5 20 37 44 36 20
10 30 50 60 53 34
12.5 40 68 73 68 44
15.00 60 86 95 84 52
17.5 82 104 130 101 86

DEFLECTION AT4& OF FOINTS AT LOADING INCREMENTS

TABLE (3.4)




a. shear stress

\
b. tensile stress

RN X

c. combined shear and X

tensile stress d. peel stress at the
tear ting X - X

Fig. 3.1. Main types of stress encountered
in adhesive bonded joints.
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(- g

l a. A riveted joint showing stress

peaks at the rivet edges.

A

; RN

l b. An adhesive bonded scarf joint
showing uniform stress distribution

Fig. 3.2. Typical stress patterns in joints

produced by riveting and
. adhesive bonding



a. Simple butt C— -

b. Simple right — -
angle.

¢. Right angle

—

d. Right angle

¢. Combination of [&_—:

butt and’lap joint

Fig. 33. Examples of butt joints



Fig. 3.4.

Simple lap

Bevelled lap
Rebated lap
Stepped lap
Double stepped lap
Double Iap

Scarf

Simple strap

Double strap

Bevelled bouble
strap

Stepped double
strap

{ e
..

Example of lap joints



adherend

I adhesive

X

To =— t

b. Loaded

mean fracture strength

c. Stress distribution in adhesive

Fig. 3.5. Effect of load ona lap joint.
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a. Net tension

b. Shear out

c. Bending tear out

d. Bearing

©

¢. Combination

C?w

Fig. 3.6. Failure modes in bolted joints



a. Arbed F & F fostener type

Flat metal. with holes
to allow fixing fasteners

Threaded rod to allow
fixing nuts

b. Big'headed bond fastener type

Fig:7 Example of bonded fasteners
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3.8 Trial

Fig.
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Fig. 3.1 Detail of connection
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e

1. Correct alignment and drill holes

2. Separate both parts

+1 T+ e s
| + 4
. 11t +
Y L +
‘ +1 1+ 41 i+
3. Insert tie bars and fix internal nuts

4. Fix end digphragm

~ -|-} -|-

5. Enclose channel and fix outer nuts

Fig. 3. 14. Steps for connecting beam C, with tie bars.
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Fig .3.17

I 1 1 ¥

20 30 40 50
deflection mm

Load versus deflection beams Ci C,
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100

SOor

kN

load.

. beam C,
s beam C2
v———= beam C3

o——>0 beam C4

T ! '
-05
. 1 2 3
tensile O strain x 10> (compressive)

Fig . 3.18  Strain i comp. flange near joint
(gauge 1)
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90-?

80Fr o

load kN

s—= beam C;
¥—=x beam C»
¢—7 beam C3
o—o0 beamCy

0 : ;

T
2

tensile strain x 103

Fig. 3.19 Strain at the joint (gauge 7 )
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kN

load.
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FIGURE 3.48 MODE OF FAILURE OF BEAM TYPE C3 SHOWING THE DELAMINATION OF
MATERIAL AROUND SELF RAWL PLUGS

 FIGURE 3.49 MODE OF FAILURE OF BEAM TYPE C4 .

t
{




FIGURE 3,50 MODE OF FAILURE OF BEAM TYPE C2 SHOWING THE DELAMINATION OF
MATERTAL AROUND SELF TAPPING SCREWS AND THE OPENING OF THE
JOINT BELOW

FIGURE 3,51 DEVELOPMENT OF LOCAL BUCKLING IN COMPRESSION FLANGE NEAR THE
JOINT PRIOR TO FAILURE (BEAM TYPE C4)
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FIG 3.52 MULTIPLE JOINTED BEAM TYPE C10 AT THE BEGINNING
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CHAPTER 4

BOX BEAMS (COMRINED BENDING SHEAR AND TORSION)

4,1 INTRODUCTION

Following the investigation of G.R.P. box beams under the effect
of combined bending and shear it was decided to extend the research
programme to study the behaviour of G.R.P. box beams under combined
bending,; shear and torsion, as in practice beam elements are often
subjected to a combination of such structural actions. Three 3 m
beams series BT1, BT2, BT3 were selected for testing. The arrange-
ment and fibre orientation of these beams was the same as beam
series B5, Bl and B4 respectively used in the bending series (chapter

2).

4,2 BEAM INSTRUMENTATION

The manner of loading shown in fig (4.1) subjects the beam to
a combination of a maximum bending, shear and torsion at the centre,
while at the ends the beam is subjected to a combination of maximum
shear and torsion only. Fig (4.2) shows the instrumentation of a
typical beam in which the transverse strain gauges measure the
transverse strains arising from torsion, whilst the longitudinal
and rossette strain gauges measure the strains in longitudinal bend-
ing and shear.

Two dial gauges, set at the ¢ of the beam under each web,
recorded vertical deflections, and the twist of the beam under tor-

sion.,

4.3 TEST RIG

A large portal testing rig was used to carry out the tests for

all beams fig (4.3). The torsional load was applied by means of a
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hydraulic jack with proving ring which transmitted the torque load
to a specially designed torque frame fig (4.4) fixed at the centre
of the beam. An anti-twist frame fig (4.5) was fixed at the end of

the beam to achieve the desired boundary conditions.

4.4 BOUNDARY CONDITIONS

The test rig arrangement was meant to satisfv as closely as
possible the following boundary conditions at the ends:-
(1) Twisting is restrained by the anti-twist frame fig (4.5).
(2) Simple support with regard to longitudinal bending.
(3) The endsof the beam are prevented from warping by the inclusion

of end.diaphragms.

(4) Rotation of the beam at midspan is allowed through pads of steel and q

greezed needle bearing.
4,5 EXPERIMENTAL PROG ME

Three tests were carried out as detailed below.

(1) For beam series BT1l, a constant concentrated load was applied
(15 kN which is approximately %-of the ultimate load in the
bending series tests) while varying torque load up to failure.

(2) For beam series BT2, a constant torsional load was applied
(%-of the ultimate torque load determined from (1), whilst
varying the concentrated load up to failure.

(3) For beam series BT3, the torque and concentrated loads were

varied simultaneously up to failure.

4,6 TEST RESULTS

Experimental tensile, compressive, shear stresses and deflections
arising from concentrated and torque loads were tabulated and compared
with their corresponding theoretical predictions bgsed on the analysis
of simple bending and St Venant torsion (simple engineer's theory)

are shown in Tables (4.4-4.15).
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4.7 STRUCTURAL PROPERTIES

Coupons cast in the same manner as the beam series BTl1, BT2 and
BT3 were tested using the same methods described in chapter 2 for
obtaining the structural properties. As the cross-section of the
G.R.P. box beam elements have different structural properties
depending on the axis considered, it was intended to use an equivalent
section with a normalized structural property in the analysis when
considering a particular structural action and a corresponding axis,
For example when the section is analysed in longitudinal bending,
one longitudinal modulus and a corresponding equivalent cross-section
are used,

On the other hand, if the same section is analvsed in torsion
one shear modulus and a corresponding equivalent section are used.
In each case the equivalent thickness of the beam element is found
by relating its modulus to the modulus of the compression flange.
In Tables (4.1-4.3), the structural properties, and the equivalent
sections in bending and torsion are tabulated for use in the theoretical

analysis,

4.8 THEORETICAL ANALYSIS - INTRODUCTION

Additional structural actions should be considered when a G.R.P.
box beam is subjected to combined bending shear and torsion. Con-
sidering the testing arrangement fig (4.3) the stresses which may
arise due to these structural actions are listed below., It is
assumed that distortion of the beam's cross-section is prevented by
the inclusion of end and intermediate diaphragms.

(A) Longitudinal stresses, these are due to
(i) Longitudinal bending

(ii) Torsional warping.
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(B) Shear stresses due to
(i) Longitudinal bending
(ii) Due to St. Venant torsion

(iii) Torsional warping.

The term torsional warping shall be explained later. The analv-
tical methods considered to deal with the stresses mentioned above
are:-

(1) Analysis of simple bending and St. Venant torsion by simple
engineer's theory,
(2) Analysis of torsional warping by Kollbrunner, Hajdin and

Heilig %e1» 25 3,

4,9 RESOLUTION OF FORCES

For the purpose of analysis the torque load W, is replaced by

T
a statically equivalent combination of symmetric and antisymmetric
loading. These are further represented by a combination of sym-

metric and antisymmetric loading systems acting on the webs fig (4.6).

4,10 ANALYSIS OF SIMPLE BENDING AND ST VENANT TORSION

(Simple Engineer's theory)

Using the engineer's theory of bending in which plane cross-
sections are assumed to remain plane, the longitudinal compressive,
tensile and shear stresses due to vertical loads mav be computed

from the formulae (2.10 and 2.11) described in chapter 2.

Deflections at mid span due to vertical load may be obtained from

the formulae

d = oo 4.1)

in which
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W

1

the total vertical load

E = the equivalent elastic modulus in bending

I = the 2nd moment of area for an equivalent section in bending.
For the St Venant torsion of thin walled beams of closed

section, K:1llbrunner and Basler 4-4 gave the following expression

Tsvt T
Vsrtoh - 2 A = (4.2)
enc
where VSVT h = shear flow in St Venant torsion
Vv = shear stress
svt
h = thickness of the section

TSvt = Torsional moment at cross-section of beam

. b ) . .
= “T (b1 + 59 considering fig (4.6).

The St Venant shear stresses are usually taken as constant through
the cross-sectional thickness of the closed box beam. The effect of
diaphragms and local reinforcement inside the box beams are neglected
in this analysis.

Compressive, tensile and shear stresses and deflections based
on the foregoing theory are shown in Tables (4.4-4.15) for beam

series BT1, BT2 and BT3.

N

4.11 BEHAVIOUR OF BOX BEAMS UNDER TORSIONAL LOAD

Consider a box beam whose cross-section cannot distort because
of the existance of rigid transverse diaphragms all along the span.
The diaphragms however, are assumed not to restrict longitudinal
displacements, Fig (4.7a) shows how the cross-section of such a
box beam twists under torsional loading. The chain dotted configur-
ation in fig (4.7b) shows how this leads to out of plane (longitudinal)

displacements of cross-sections except at midspan where by symmetry



the cross-section remains plane. These longitudinal displacements
are called torsional warping displacements and are associated with
shear deformations in the planes of the flanges and webs., The mid
span vertical deflection of each web occurring in torsion without
distortion is denoted by at fig (4.7a), The term warping torsion is
also used to denote the state of loading and stresses associated with
torsional warping displacements.
be

If the diaphragms are removed so that the cross-section canfdis—
torted; then the cross-section will exhibit additional twisting
under torsional loading causing a further deflection in the web
fig (4.7a). This in turn increases the out of plane displacements
of cross-sections as shown in fig (4.7b). Thus box beams with no
diaphragms when subjected to torsional loading undergo warping dis-
placements which are composed of two components VIZ torsional warping
displacements and distortional warping displacements. Both these
components give rise to longitudinal normal stresses (warping stresses)
when the warping is constrained e.g. by symmetry at mid span or at
a continuous or built up support or by end diaphragms. In these cir-
cumstances the significance of the warping stresses depend on the
geometry of the beam cross-section as well as on the nature of the
loading and support conditions. The warping stresses can form a
significant addition to the ordinary bending stresses resulting from

the symmetrical component of loading.

4,12 STRESS PATTERNS OF BOX BEAMS WITH DIAPHRAGMS UNDER TORSION

The theory of St Venant torsion is inadequate for the analysis

of box beams unless the cross-section of the beam does not warp.,

4.5

Steinle gave special geometrical proportions for which the

cross-section does not warp in torsion, but these proportions are
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unlikely to be realised in practise. When torsional warping arises
the pattern of warping displacement is such that the (longitudinal)
torsional warping stresses vary both around the cross-sectional
perimeter as shown in fig (4.8b) and along the beam as shown in

fig (4.8c). Hence longitudinal shear stresses arise and these cause
complementary shear stresses to occur in the plane of the cross-
section which are called warping shear stresses as in fig (4.8d).
Thus the total internal resistive torsional moment for a box beam
cross-section (without distortion) is made up of a combination of
'St Venant stresses fig (4.8c) and torsional warping shear stresses
fig (4.8d). The way in which these two components of torsional
moment are distributed along the length of a beam is shown in fig
(4.8¢e) for the case of a concentrated torsional moment text applied

at mid span.

4,13 BIMOMENT

Fig (4.8b) shows the distributions at a cross-section of (longitu-
dinal) warping stress for the case of torsional warping. Similar
figures may also be represented for distortional warping stresses.

It has been shown in detailed analytical treatments 4.1,6 t

hat

each of these stress distributions has zero longitudinal force
resultant and zero moment resultant. They may therefore each be
represented by a statically equivalent warping force group as shown
in fig (4.10a) where all the four forces are equal in magnitude.
This group generates a warping displacement pattern and is the force
system naturally associated with warping. Instead of working with

a group of four forces it is usual to represent them by a pair of

equal and opposite moments in parallel planes as shown in fig (4.10b)

where the moments are taken about a horizontal axis or in fig (4.10c)
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where the axis of the moments is taken as vertical. Such a pair of
moments is called a bimoment and has zero force resultant and zero
moment resultant. A positive bimoment is shown in fig (4.10b) in
which each component moment acts clock-wise when viewed from the
plane of the other and the moments act about horizontal axis but
it can also be as shown in fig (4.10c).

The idea of representing a warping stress system by a pair of
equal and opposite moments in parallel planes was developed by

4,7 is equal to the moment
o The magnitude of the bimoment multiplied by the

Vlasov
distance between the planes. This gives dimensions of (force x
lengthz)° A bimoment is the simplest possible physical representation
of the longitudinal normal stress system associated with warping.
It satisfies the following conditions which arose in Vlasov's analvsis
of thin walled beams.
(1) There must be zero force resultant and zero moment resultant
of the longitudinal normal stress system which is therefore
self-equilibrating at a cross-section,
(2) 1In general there must exist longitudinal displacements of
cross-section varying around the perimeter.

(3) The quantity which enters into the analysis must be of dimension

(Force x lengthz);

4,14 ANALYSIS OF TORSIONAL WARPING BY THE METHOD OF

KOLLBRUNNER, HAJDIN AND HEILIG ?°1,2,3

The analysis considers only the torsional loading system of
fig (4.6) and it is assumed that there is no distortion of cross-

sections,



4.14.1 Summary of Procedure for Analvsis

4.7 Kollbrunner and Hajdin 4.1, 42 pave déveIOped

Valsov
the theory of warping torsion of thin walled box beams of closed or
open-closed cross-section. The torsional warping (longitudinal)
stresses ftwr and torsional warping shear stresses Vier are obtained
in terms of the applied Text, the bimoment Btwr and section properties

known as sectorial co-ordinate wtwr and the torsional warping moment

of inertia C as shown later.
twr

4,14,2 Bimoment B , cectorial Co-ordinate W and
twr twr

Torsional Warping Moment of Inertia thr

For the purpose of numerical calculation, quantitative definitions
are given to the above mentioned terms.

The torsional warping bimoment Btwr is defined as

Btwr fftwr Wewr (4.3)

where

A = total area of cross~section

f torsional warping stress
twr Tping

thI‘

sectorial co-ordinate in torsional warping referred

to the shear centre (see below),

To find the sectorial co-ordinate Wtwr it is necessary to
compute the position of the shear centre of the section. Khan and
Stafford Smith 4.8 adopted the following procedure to compute the

position of shear centre of a closed section and hence the sectorial

co-ordinate W, ..
twr

(a) Select an arbitrary pole. It is advantageous to place this

on a line of symmetry.
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(b) Reduce the sectorial area diagram drawn from the arbitrary
pole using the formula

' = w - PS (4.4)
where wtis reduced sectorial area

Wy sectorial area referred to the temporary pole.

2A
P = average radius = f° —SBC (4.5)
0 ds
/h
S = reduced length along the profile = és %E- - (4.6)
A and h as defined in equation (4.2).

enc

(¢) Compute the area moment of the w' diagram w' y dA about
the axis of symmetry say x.

(d) Divide the area moment from step (c¢) by the moment of inertia
of the section about the axis of symmetry Ix. This gives the
distance of the shear centre * ax from the arbitrary pole.

(e) The next step is to modify the w' diagram to account for the

new shear centre and to obtain the wtwr diagram by the formula

W = w' * ax vy (4.7)

The torsional warping moment of inertia of the cross-section

is defined as

2
thr - fA Wotwr
dA =tds

d A (4.8)

. 6
This quantity is of dimension (length™)

4,14.3 Relationship between Applied Load, Internal Stress- -

Resultants and Twist

e
oD

Kollbrunner and Hajdin 4.1 and Heilig 4 gave the following
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expressions for the torsional warping of a single-span, thin-walled
beam of closed or open-closed cross-section. Torsionally restrained
at each end but without warping restraint at the ends, and subject to

a mid span concentrated torsional moment Text as shown in fig (4.1).

0 <7< /2
sinh K, Z
Text 2
B, (Z) = it (4.9
twr 2K2 ks cosh K2 [
2
) cosh K, 2
Tsvt O Tgkt (1 - - K. 2 (4.10)
K, cosh 2
3 <
2
cosh K, Z
Text 2
Ttwr (Z) T 2K, K. 2 (4.11)
3 cosh 2
2
sinh K, Z
Text 2
6. (2) = (KK 2 - ———"
z 2G CSvt K2K3 23 cosh K2 3 (4.12)
2

/2 < Z < L

Text sinh K2 (2-2)
= .13
Btwr () K, 2 (4.13)
cosh "2

2

cosh K2 (2 - 2)

Text 7 (4':14)
Tsvt ) = 2 . -l K cosh Ky 2
2
Text cosh K2 (2 - 2)
(2) = - (4.15)
twr cosh K2 .
2
Text sinh K2 (2 - 2)
ex
6_ (2) = e K K, (& - 2) - (4.16)
A 2G CsvtKZI\3 23 cosh K2 2

2



where B
twr

Tsvt

Ttwr

and

top
bot

web
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(2) = bimoment of torsional warping at section =

(2) = torsional moment due to St Venant shear stresses
at section 2.

(2) = torsional moment due to the torsional warping

shear stresses at section 2.

) = twist about shear axis at section Z.
G
, Csvt
Ky = ——
thr
K = cen
3 - C
cen svt
twr = Ke thr
CCen = central torsional moment of inertia
. 2
of cross-section = fA a 1 d A
CSVt = Torsional moment of inertia of
cross~-section in St Venant torsion
4A2
_ enc
ds per
h
ds Eer - = b . b . 2d
top bot web

breadth between mid lines of webs fig (4.11)

depth between mid lines of compression and tension
flanges fig (4.11)

thickness of compression flange

thickness of tension flange

thickness of web

(4.17)

(4,18)

(4.19)

(4,20)

(4.21)

(4.22)
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A = enclosed area = bd
enc
h = thickness of section
Sper = the peripheral co-ordinate along the mid line of the

cross section,

1 : . .
Note that (Tsvt + Ttwr) equals E-Text 1n magnitude for all sections

Z as is required for equilibrium fig (4.8e.

4.14.4 Torsional Warping Stresses ftvr
A

The following expression gives the torsional warping stress ft\r
;\7

B 7
. twr twr
ftw_r = T (4 o 23)

The form of this expression is the same as the expression

£o= X (4.24)

used to obtain longitudinal stresses since Mx and Btwr are all
stress resultants at section Z; Y and wtwr are co-ordinates of the
point considered on the cross-section; and Ix and thr are all
geometrical properties of the entire cross-section.,

Under eccentric loading the longitudinal stress fX and ftwr of

equation (4.23) are superimposed with due regard to sign.

4.14.5 Torsional Warping Shear Stresses Vtwr

These are given by the following expression

W
d S per
\Y =T, (4.25)
twr twr CCen - Csvt
where
2&_‘&1; -4 - E’E__ (4,26)
d Sper 1 Z2A h ’

enc
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The method of evaluating the derivative of Wt\r is shown in detail
.

in the example given.

4,14,6 St Venant Shear Stresses stt

Knowing TSV from equations (4.10 and 4.14) VS\ is obtained

t rt

using equation (4.2).

4,14,6 Numerical Example

To compute the stresses mentioned in sections 4.14.3, 4,14.4 and
4.14.6 in terms of the external applied torque Text, beam type BTl is
considered.

The equivalent section in torsion for beam BTl obtained from
Table 4.1 is shown in fig (4.11), Let x by the axis of symmetrv.

An arbitrary pole A is chosen as shown in fig (4.12),

2 3 93
Ixx = 295,17 x 3.90 x 757 x 2 + 12 x 295,11
3 3
154,82 X 5.3 + 154,82 x 4.35

12 12

15,937,695 mn’

From equation (4.6)

300 x 2 . 150 . 150
3.90 5.30 4.3

So =

i

216.62

From equation (4.5)

_ 2 x 300 x 150
) 50

415.47

and hence
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PS =415,47 =

and from equation (4.4)

w' = wb - PS
wb, PS and w' diagrams may therefore be drawn (see figures 4.12, 4.13
and 4.14).

Now compute the area moment of the w' diagram W' y d A about

the axis of symmetry. Referring to fig (4.14) f w'ydA=w"'shb

2
along depth + E—%——b- along width .
Wit W g b2 1
= (—_— ) == 2 = - W w!
( 5 ) 5 X h + (2) X =z X (w P tw 2) x 2 (htop + hbot)

5879.2 + 15338, 3
- £ 15338.4) , 150 X 500 5 x 5.90

055992 X %-(1533505 + 5875.8) x 2 x (5.30 + 4,35)

2,629,412,034 mm>

1l

from step d in section 4.,14.2

ax = 164,98 mm

Fig 4.15 shows the wtwr diagram computed from equation (4.7). To find

the torsional warping moment of inertia.thr, the Simpson integration

method is used to evaluate the integral in equation (4.8) thus

150 2
thI' = -—6—— X 5930 [2 X 6494 ] +

150 x 4,35

= [2 x 5211.9°]

(-6494 + 5211.9)°
>

2 x 300 x 3.9
+

e [(6.494)° + 4

+ (5211.9)°]

= 4,54069006 x lOlo mm6
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Evaluation of B at mid span
twr -

In equation (4,20)

cen A1

150 x 5,3 x 1640982 + 2 x 300 x 3.9 x 752 + 150 x

3.90 x 135,,022

45,465,912 mm’

i

and from equation (4.21)

_ 4 x (150 x 300)°

Csvt TS0, 150, 300 x 2
5,30 T 7.30 3.9
= 37.322 x 10° m®

In equation (4.18)

. __45,465012

3 = J5465917 < 37322000
- 5.583
In equation (4.19)
T = 5.583 x 4.54069 x 1070 = 25.35067 x 10°°

twr

In equation (4.17) with average Poisson's ratio taken as 0.13

and %—= 0.269629

0.,269629 x 37,322 x 106

2 25.3506

hence K

630 x 107% mm?

n
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From equation (4.9) at mid span

Text tan h 1
3

tWI 5 % 7.97 x 10”° x 5.583

2

10.825 Text. Nmm

Evaluation of Ts at mid span

vt

In equation (4.10) at Z = %~i°ea just to the left of mid span

_  Text 1
Tsve = 7 (- 575839
= 0.,4104 Text Nmm
Evaluation of T at mid span

twry

In equation (4.11) at Z = %

twr 2 X 5.583

0.08955 Text Nmm

il

The angle of twist 6 may be computed from equation (4.12) which

results in

(6,30 x 1072 x 5.583 x 1500 - 0.7615) "
2 x 3,64 x 37,322 x 106 X 6,30 x 10"3 x 5,583

<
il

Text

5.4410 x 10~° Te#t radians

Accordingly the vertical deflection under the web at mid span

it

& x 300

1.632 x 10"3 Text mm

i
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Evaluation of torsional warping stresses ft at mid span
WTr

In equation (4.23)

B W
_ twr twr

WY
t thr

Referring to fig (4.15)

At B £ _ Text x 10.825 x 6494

twr 25.35 x 1019

2.773 x 10"/ Text N/mm®

Text x 10,82 x 5208

25,35 x 1010

and at C

"

2.223 x 1077 Text N/mm?

1]

Evaluation of torsional warping shear stresses Vtwr at mid span

In equation (4.25) dw
twr
ds per

7 =
\twr Ttwr C - C
cen svt

after substituting the values of Ttwr’ Ccen and Csvt; the following
is obtained
dw
\ -6
- twr
Ver = 0.0109&ktext x 35 per \
vr . ¢ ! . .
The term a5 per is equal to the slope of the W diagram fig (4.5).
dw
twr _ 6494 _
Hence at B 35 per ~ 75 86.58
. c Miwr | (+5208.55 - 6494)
& ds per =~ 300

4,284
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—
(@3]

7 .
Hence for \twr’
at segment AB

L

1 = 0,950640Text N/mm2

;
twr
at segment BC

A

Veur = -0,04703frext N/mm®

Evaluation of St Venant shear stress

From equation (4.2)

Tsvt
vV o= =
svt 2 A h
enc
and on substituting values of T __, A and H,
svt’ “‘enc

- -7
7 =
at segment AB \svt 8,6037 x 10 ° Text
and at segment BC, stt = 1.16923 x 10°° Text

4,15 CONCLUSION

Compressive and Tensile Stresses

From Tables @.4-4.6) the experimental tensile and compressive
stresses were generally lower than the predicted theoretical results,
however in beam type BT2, the experimental tensile stresses exhibited
a better correlation with the theory. A common phenomenon was that
the experimental tensile and compressive stresses were shown to be
greater than the corresponding theoretical stresses due to con-
centrated load by a margin which may be comparable to that produced

by the vertical component of the torque load, Table (4.4).

Shear Stresses

Apart from beam type BT3, shear stresses at mid span due to
vertical load in the webs were higher than the corresponding total

theoretical shear stress, Tables (4.10-4.12). This may be due to
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the complexity of stresses at mid span., Shear stresses due to

St Venant torsion showed a close correlation with the theory,

Deflection

The experimental deflections due to vertical loads were com-
parable with the theoretical deflections, Table (4.13-4.15), The
maximum rotation exhibited by the web was 0.06626 radians (30—47')
indicating that a G.R.P. box beam can sustain a considerable twist

under torsional loading.,

Fibre Orientation

. As fibre orientation in bending and shear series (chapter 2) was
found to be of little significance and because of the variation in
the manner of loading in the beams tested for combined bending, shear
and torsion, it is not possible to make a direct comparison between
the three beams, BT1, BTZ and BT3. However, a comparison may be
made between beam type BTl and BT3 where in both cases the torque
was applied up to failure, From such a comparison it may be con-
cluded that the fibre arrangement (bidirectional) in beam type BT1

has attained the maximum ultimate torque load.

Mode of Failure

All beams failed at the mid span region where the maximum
stresses were induced., The warping of the section became more apparent
with the increase of the torque load, especially at the webs, which
eventually ended in a crack propagation., Also it was observed that
near the point of application the concentrated load, local buckling

developed in the compression flange.
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Structural Property Webs f52§ge ;Tgi;gn
Average thickness 4.10 5.30 4,20
Longitudinal modulus EL kN/mm2 14,10 | 13.50 13.80
Transverse modulus ET kN/mm2 14,00 1| 13.40 13,50
Shear modulus G kN/mm2 3.46 3.64 3.51
Longitudinal Poisson's ratio Vit 0.13 0.13 0.13
Transverse Poisson's ratio Vop 0.13 0.13 0.13
Modulus at 45° E, . KN/mn” 9.68 | 9.90 | 9.70
Equivalent longitudinal modulus kN/mm2 13.50 |13.50 13.50
Equivalent thickness in bending section mm 3,92 5.30 4,11
Equivalent shear modulus kN/mm2 3,64 3.64 3.64
Equivalent thickness in torsion section mm 3.90 5.30 4,35
Average Poisson's ratio in bending 0.13 0.13 0.13
Average Poisson's ratio in torsion 0,13 0.13 0.13

TABLE 4.1

STRUCTURAL PROPERTIES OF BEAM TYPE BTl
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. . Comp | Tension
Struct 1P tv J g LA
Hral fropert iiebs i flange | flange |
! l
. ; !
Average thickness 4,30 5.35 4,28 j
i i
i i
Longitudinal modulus E, kN/mm’ 16.80 | 17.80 | 17.70 |
|
? |
Transverse modulus ET KN/mm2 9,65 6.20 ; 7.26
2 ‘ i
Shear modulus G kN/mm 5.34 4,52 4,46 :
Longitudinal Poisson's ratio Vit 0.32 0.27 ; 0.18
Transverse Poisson's ratio v TL 0.18 0.08 ' 0.10
i
Modulus at 45° E,. KN/mm” 12,81 | 9.27 | 10.20 |
Equivalent longitudinal modulus kN/mm2 17.80 | 17.80 | 17.80
Equivalent thickness in bending section mm 4.06 5.35 | 4,26
!
. |
Equivalent shear modulus kN/mm 4,52 4,52 | 4,52
{
Equivalent thickness in torsion section mm 5.08 5.32 4.22
Average Poisson's ratio in bending 0.26 0.26 0.26
Average Poisson's ratio in torsion 0.12 0.12 0,12

TABLE 4.2

STRUCTURAL PROPERTIES OF BEAM TYPE BT2
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Structural Porperty Webs fgzgz; | g?giézn
Average thickness 5.50 5.40 4.20 |
Longitudinal modulus EL kN/mm2 15,10 | 17.60 17.80
Transverse modulus Et kN/mm2 7.34 5.01 7.20 |
Shear modulus G kN/mm2 6.49 4,62 4,20
Longitudinal Poisson's ratio LT 0.25 0.27 0.22
Transverse Poisson's ratio L 0.12 0.08 0.11
Modulus at 45° E, . kN/mn’ 12.37 | 9.04 | 9.80
Equivalent longitudinal modulus kN/mm2 17,60 | 17.60 17.60
Equivalent thickness in bending section mm 4,72 5.42 4,25
Equivalent shear modulus kN/mm2 4,62 4,62 4,62
Equivalent thickness in torsion section mm 7.72 5.40 3,82
Average Poissorn's ratio in bending 0.25 0.25 0,25
Averége Poisson's ratio in torsion 0.10 0.10 0,10

A

TABLE 4.3

STRUCTURAL PROPERTIES OF BEAM TYPE BT3
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FIGURE 4.3 TEST SET UP FOR COMBINED BENDING AND TORSION
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FIGURE 4,16 TORQUE FRAME DETAILS
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CHAPTER 5
CREEP BEHAVIOUR OF BOX BEAMS

5.1 INTRODUCTION

Creep is a time-dependant strain in a material resulting from

a constant load . . In the case of reinforced plastics creep is greatly

influenced by the creep characteristics of the reinforcing material.
The reinforcing material may consist of glass, mats or flakes of
natural or synthetic polymeric material. In a reinforced plastic the
chief function of the plastic resin is to bind the reinforcing fibres
together making it possible for the reinforced plastic to function

as a unit rather than as an agglomeration of individual fibres.

Thus the resin must serve to distribute the stresses amongst the
individual fibres. In so doing the plastic resin is itself subjected
to stress and therefore may creep. The following actions are pro-
bably involved in creep of reinforced plastics:-

(a) Creep of the reinforcement.

(b) Gradual straightening of segments of reinforcing fibres. Such
straightening requires simultaneous creep of the resin which is
tending to restrain the fibres in their initial configuration.

(c) Creep of the resin in regions in which it is highly stressed in
transferring stress from fibre to fibre.

(d) Gradual rupture of the bond between resin and fibres wifh atten-
dant slip of the released portion of fibres relative to the resin
and other fibres.

(e) At later stages, periodic, random rupture occurring at an
increasing rate of those individual fibres which becomes subjected

to a higher stress due to the effects (a) to (d) above than thev are

able to accommodate.
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In this chapter creep behaviour of glass reinforced plastics
will be examined in an attempt to understand creep behaviour in
complete G.R.P. structural elements. Little work has been carried

out to date on creep of G.,R.P. structural elements and the little

5.1 - 5.6

¢

which does exist is conflicting It was, therefore,
decided to cast three box beams to make a preliminary study of creep
behaviour. It was also decided to subject two of these beams to
imposed loads of the same magnitude which was to be applied as a
permanent load to one beam but as an alternating load to the other.
After suitable period of alternating load application the second

beam load was also applied as a permanent load. The third beam was

to be subjected to its own self weight only.

5.2 BEAM SELECTION

It was decided to adopt the same cross section (150 mm x 300 mm)
as that used for the bending and torsion series B1-B5 and BT1-BT3.

An increased span of 6 m was adopted which in conjunction with
an imposed load of 1 ton (1000 kg) corresponds to a loading of %
ultimate load which was considered reasonable for the studv of creep

behaviour,

5.3 DIAPHRAGM SPACING

To increase the stiffness of the 6 m span beam, a spacing of
500 mm between diaphragm was adopted along the full length of the
span as it proved to be effective in the bending series beams Bl-

B5. However bearing in mind the recommendations of previous research

2.2, 2,5 and 2.6
: >

workers in box beams, the 500 mm spacing was

2,5

checked against the Kristick formulae and found to be less than

the minimum required spacing.
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5.4 BEAM REINFORCEMENT

A bidirectional reinforcement (commercial name Y103) was chosen
to reinforce the beam components for the following reasons:-

(1 The bidirectional beam series BS5 tested in bending attained
the maximum ultimate capacity in compression.

(2) It obviates the use of chopped mat along the corners of the box
beam as a bidirectional material can control any stress con-
centrations due to its orthotropic nature.

(3) Previous tests of boX beams in bending and shear (Chapter 2)
have shown that the main failure mechanism was local buck-
ling. A bidirectional material will resist local buckling in
all directions in contrast to unidirectional material which
resists local buckling in the single fibre direction only.

(4 Bidirectional material is easier to handle and thus considerable
time is saved compared to the use of unidirectional material.
The arrangement of reinforcement adopted for the beam fig (5.1)
is similar to that of beam B5 in the bending series B1-B5,

i.e. four layers in the webs, tension flange and diaphragms

and six layers in the compression flange.

5.5 BEAM CASTING

The same mould was used to obtain two 3 m length beams each
with two reinforcement lavers only including diaphragms. The two-
two layered beams were then brought together and three lavers (300
mm wide) of chopped mat were used to bond them after checking the
alignment of the newly formed 6 m length beam. A further two layers
(1000 mm wide) of bidirectional material were then applied at the
joint. The rest of the reinforcement for the beam was then applied

continuously along the full length of the 6 m beam.



5.6 BEARING AND SUPPORT DESIGN

The same special support and bearing arrangements were used
as in the bending and torsion series B1-B5 and BT1-BT3. 100 x 50 mm
timber pads were placed at the support points of the steel frame

testing rig for compatibility.

5.7 BEAM LOADING

Loads were applied at %—span points to give a central constant
moment zone and eliminate possible local deformation which might have
occurred under a single central point load. Fig (5.2) shows the
general arrangement of the test rig and load application making use
of available scrap material. The scrap material was placed into
metal containers so as to give 28 kg per containers. The metal
containers were then laid carefully on the supporting frame in a
symmetrical arrangement so that the supporting frame was not tilted.

The total applied including the supporting frame was 1 ton (1000 kg).
5.8 TEST RIG

The test rig shown in fig $.2)and (5.3) was used. It comprised
of two triangular steel frames which were designed to accommodate two
beams with their imposed loads - care was taken that no interference
occurred while loading and unloading operations were carried out on

the beam under alternating load.

5.9 BEAM INSTRUMENTATION AND MEASUREMENTS TAKEN

A typical beam instrumentation is shown in fig (5.4). Deflec-
tions and strains were recorded for a total period of approkimately
20 months which was considered to be suitable for extrapolation for
longer periods. Demec gauges were chosen for measuring the strain
rather than electrical strain gauges as the latter are more influenced

by humidity and other environmental factors.
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Readings were taken at increasing intervals up to a month and
thereafter every month. A suitable programme for taking records was
selected and is described below:-

Beam Rl was subjected to a permanent imposed load of 1000 kg. Read-

ings were taken at the following intervals after loading:-

1 hr, 5§ hr, 1 d, 2d, 4d, 7d, 15d, 30d, 60d 90d, ... etc after loading.

Beam B2 was subjected to an alternating load of 1000 kg for a period

of three months and afterwards the load was applied permanently.
Readings were recorded at the following intervals of time starting

from initial loading:-

0 Load 14 unload 2d load 44 unload 74 load 15d

unloadASOd load 60d unload 90d load permanently appl1edc

i.e., after 90 days the load was permanently applied and readings

were taken every 30 days,

Beam R3 was subjected to its own self weight and readings taken as
for beam R1.

NB. hr

hour

d

day

5.10 CONTROL OF ENVIRONMENTAL FACTORS

The creep tests were carried out in the lower basement of the
university where humidity temperature variations are expected to be

minimum,

5.11 PREVIOUS RESEARCH

Static, fatigue and creep tests of a glass fabric laminated
. 7
with a polyster resin 5.1 revealed that fatigue strength at 10

2 0
completely reversed cycles decreased from 86.2 N/mm at 77" to
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24,14 N/mn° at 300°F. Creep strength at 100 hrs decreased from
219.3 N/mn” at 77°F to 173.1 N/mn® at 400%F. At 400°F substantial
shrinkage was observed together with an increase in modulus with
time and temperature. The rate of increase in creep strain ''creepo-
city'" during a creep test at 77° from 20 seconds to 40 hours was
about 10,6%. At 400°F creepocity varied from 20.7 to 49.3%.

Boller °°2 describes test on fatigue properties under various
conditions. Moisture was found to affect fatigue strength only
slightly, at 107 cycles the drop in fatigue strength due to the pre-
sence of moisture was only 2% of the static tensile strength.

The effect of stress concentrations on average fatigue strength
for notched polyester/glass material at room temperature after 107
cycles at zero mean stress was about 23% of ultimate tensile strength,
Average difference between notched and unnotched material was about
4,5% of ultimate tensile strength., At high temperatures e.g. SOOOF,
the difference decreases.

Regarding the effect of elevated temperature, a typical result
for polyester/glass laminates at 500°F was a reduction in fatigue
strength at 107 cycles of between 7% and 18% of static tensile strength
value at room temperature.

The following conclusions were drawn from 5.3  which dealt
with the effect of time, temperature and environment on the mechanical
properties of glass reinforced plastics.

1 - All laminates lose strength when test temperature is increased.

2 - Flexural strengths of laminates are reduced by the presence of
water,

3 - Short-time mechanical properties determined in air at room tem-

perature are of limited value. They do not necessarily measure
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the ability of a material to support sustained loading in a
normal environment.

4 - Laminating resins, reinforcements and interface reagents differ
significantly in structural performance.

5 - Goldfein °% claimed that creep properties of glass reinforced
plastics may be calculated from modulus of elasticitv data at
high temperature using the parameter K = T(20 + logt). Results
were accurate to within 10% for periods of time from 0.1 to
10000 hours.

On the effect of long term loading on glass reinforced plastic

5.5 concluded that:

laminates K. H Boller
(a) Glass mat laminate data show a considerable amount of scatter.
Glass cloth laminates are more consistant.
(b) 181 glass cloth/polvester laminate at 60% of short time strength
had endured 10000 hours loading without failure.
(c) In water for 10000 hours the stress level sustained is only

35% of short time strength,
(d) Ratio of strain at failure to strain at zero-hours decreases

with increase in stress.

(e) Tensile strains appear to conform to the relationship

E = Eo(l + tn) where

E = total strain in inches per inch of a material under con-

stant stress,

Eo = Some initial strain marking the begining of this function,
t = time in hours
n = an exponent, dimensionless.

J. Kabelka °°® carried out investigations into the long term
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strength properties of G.R.P. and he concluded that the measure-

ments of long term deformations revealed that the effect of compressive
and shearing stresses on the strain of the structure is considerable.
In the case of creep under tensile stress he expressed the strain

as a function of temperature and time with the following equation.

2(e,T,6) = A (9FT
(0]

in which A(T) and B(T) are functions of temperature onlv and t > 1
minute.

For creep in compression, he found that the relationship
between strain and time on the logarithmic scale can be considered
linear only within a relatively low stress range.

In the case of creep in shear, he established a relationship
between the relative displacement, stress and time which can be

expressed in the following equation

v = sinh T [a + bt - t, m] for t > t,
T
0

where T,”% = shear stresses at t time and initial time.
a, b are constants

m exponent

5.12 TEST RESULTS

For beams R1, R2 and R3 creep behaviour in terms of deflection,
tensile compressive and shear strains was plotted against time in
hours fig (5.5-5.8). In the case of deflection tensile and compres-
sive strains mid span dial gauge No 2, Demec gauges No 18 and 8

were chosen for the plot, Demec gauges No 9, 10 and 11 see fig (5.4)
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were also chosen for the study of creep shear strain at the support.,

Creep deflections, compressive, tensile and shear strains,
were also plotted against log time fig (5.9-5.12). Further graphs
of log - log plots of deflections, tensile compressive creep strains
are also shown in fig (5.13-5.16).

In the case of beam R2 deflections, tensile, compressive and
shear total (Elastic + creep) strains were plotted against durations
of loading and unloading fig (5.21-5.24) Table (5.1) shows the initial
values for deflection tensile, compressive and shear strains immedi-

ately after the begining of the test.
5.13 DISCUSSION

5.13.1 Deflection Behaviour

Beam R2 exhibited a slightly higher, but similar, creep deflec-
tion curve than beam Rl though the same 1000 kg load was imposed on
each of them,

At the first 500 hour beam Rl and beam R2 achieved 65.7% and
69.3% of their ultimate creep at 15000 hours, and at the first 1000
hours the corresponding creep values were 74.2% and 70.6%. From
the shape of thevcurves fig (5.5) it can be seen that these are
steep during the first 4000 hours and that they tend to the hori-
zontal after that point.

For beam R3 creep deflection seemsto increase steadily with
time but with rather scattered data. From fig (5.5), the rate of
creep, and percentage of creep against time were determined and are
shown in Table (5.2). The values obtained indicate clearly that
the rate of creep is maximum at small values of time and decreases
with large values of time, and this is the expected result from the

known creep behaviour of G.R.P. material.
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The maximum creep deflections after 15000 hours for beam R1
and R2Z were 35 and 37.5 mm and these represent 108.66% and 113.36%
of their initial deflection at O hour with imposed load. These

. 1 1 .
deflections also correspond to I7T—and Tga-of their spans (6 m),

5.13.2 Tensile Creep

Again beams Rl and R2 exhibited similar sets of curves fig
(5.6). However, the curves were not as steep in the first 2000 hour
as they were for deflection behaviour.

Fig (5.6) shows that 38% and 37% of their ultimate creep was
attained at 15000 hours. For beam R3 tensile creep showed an

increase with time at a gradual rate.

5,13.3 Compressive Creep

Data of compressive creep for beam Rl and R2 were scattered,
however a set of curves was selected to describe creep behaviour
fig (5.7). Creep strain appears to increase steadily between 6000
and 8000 hours and then tend to decrease. This was not the case
for beam R3 where a rather consistant set of data was obtained. Two
explanations may be put forward for the data inconsistency of beanm
Rl and R2.

The first is that a creep recovery might have gradually started
to take place during the period of the tests.

The second reason is that from previous tests on box beams
under the same loading system, it is known that local buckling in the
compression flange occurred prior to failure.

In the case of beam Rl and R2 the imposed load represents %.of its
expected ultimate load, and though buckling of the compression flange
was not usually obvious it could have taken place and hence lead to

inconsistant data due to different modes of buckling being formed.
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5.13,4 Shear Creep

Shear creep strain against time curves fig (5.8) showed some-
what more consistancy than the compressive creep strains. Curves
were steep up to the first 6000 hours and after that tend to become
steady for about 2000 hours after which time creep rises again.

The scattered data could be the result of some form of local buckling
in the web. Creep percentage achieved during the first 500 hours

for beam Rl and R2 was only 20% and 23.7% of their ultimate creep

at 15000 hours.

Beam R3 showed that creep strain increased steadily up to
5000 hours the rate of increase then slowed down, finally creep

strain was decreasing with time.

5.14 PREDICTION OF CREEP BEHAVIOQUR

To examine the creep behaviour in deflection tension compression
and shear strain further plots fig (5.9-5.12) were made of creen
behaviour of those properties against time to a log scale. Further
plots (5.13-5,16) were also made for the log of these properties in
creep against log time.

As a result of these plots three equations were derived to

describe creep behaviour namely:- .

_ n
e =g+ m(t/to] (5.1)
€ = EO + A loget (5.2)
e =€+ Bloget + Ct (5.3)

where

e represents the total deformation or tensile compressive or shear

strain at time t,.

e represents the initial deformation or tensile compressive or shear
o)

strain immediately after start of creep test.
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t 1s a constant taken equal to unity and having the dimension of
time.
m, n, A, B and C are constants which depends on the stress, material

and temperature.

The test data for creep properties for beam Rl are compared
with the above three equations plotted for the first 2000 hours in
fig (5.17-5.20). Accordingly the values of the constants, m, n, A,
B and C are established in Table (5.5).

Comparing the theoretical and experimental plots the following
conclusions were drawn.

(a) Equations 5.2 yields the best prediction of long time creep
deformation.

(b) Equation 5.1 yields the best prediction of long time creen in
tensile strain. From equation (5.1) it mayv be shown that log (¢ - 501
is a linear function of log t with a slope of n. Thus creep data
plotted as log (e.- go) versus log t should describe a straight line,
the plot of fig (5.14) shows that this is in fact the case.

(c) None of the predictive equations show good agreement with the
compressive creep test data.

(d) Up to a period of 5000 hours equation (5.3) describes with

reasonable accuracy creep behaviour in shear. Fig (5.20).

5.15 CREEP BEHAVIOUR UNDER ULTERNATING LOAD

Generally creep deformation, tensile compressive and shear
strains tend to increase during periods of imposed loading fig (5.21-
5.24). During periods unloaded creep recovery was observed to be

greater during the first 200 hours and after at a slower rate.
5.16 'CONCLUSIONS

(1) The rate of creep (creepocity) whether in tensile compressive,
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shear strain or in deflection depends on the load imposed, the

higher the load the greater creepocity.

(2) Creep rate appears to be influenced bv environmental temperature
for G.R.P. beams loaded under their own weight. Creep test data

for beam R3 exhibited scattering and it is suggested that these
variations were due to temperature and humidity variations. With
imposed loads on the beam the factors of temperature and humidity
became negligible.

(3) Glass reinforced plastic is more liable to creep than convent-
ional structural materials and under conditions of continubus load-
ing this may eventually lead to stress rupture.

(4) A factor of safety of at least six is'strongly recommended
where deflection characteristics are a significant criteria of design
(e.g. for beam structures). Where the structural system chosen is
one in which deflection are not critical in design (e.g. deep folded
plate structures) a lower factor of safety may be adopted and in these

circumstances three would be recommended.
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Initial Reading at
.. Beam Beam Beam
the begining of R1 R2 R3
test )
Deformation (mm) 32,13 33,08 2,57
. . -3 -3 -4
Tensile strain 1.20 x 10 1.4 x 10 1.96 x 10
. . -3 -3 -4
Compressive strain| 1.38 x 10 1.42 x 10 1.67 x 10
. -3 -3 -4
Shear strain 1,19 x 10 1.28 x 10 2.09 x 10
-

TABLE (5.1)

Initial readings taken at the begining of
creep test for Beams R1, R2 and R3




0o
w
~I

Creep-of initial Rate of Creep
deflection at the i (Creepocity)
begining of the test nnnx]GQbér hour
Time Beam Beam Beam | Beam | Beam | Beam
hour R1 R2 R3 R1 R2 R3
0
500 77 .61 78.59 1.17 50 52 .06
1000 80.72 84,64 1.94 2 4 .04
2000 88.48 92.80 3.89 | 2.5 2.7 .05
3000 93.91 98.24 6.61 | 1.75; 1.8 .07
4000 99.34 101.87 9.72 | 1.751 1.2 .08
5000 100.90 | 104.89 | 13,62 |, 0.5 1 .10
6000 103,22 107.01 16.34 | 0.75| 0.7 .07
7000 104,31 107,92 | 17.89 | 0,35 | 0.3 .04
8000 105.55 108,82 | 19.45 | 0.40| 0.3 .04
9000 106,17 | 110.33 | 20.62 | 0,2 0.5 .03
10000 | 106.79 | 110.64 | 21.40 | 0.2 0.1 .02
11000 | 107.11 110.94 | 23.34 | 0.1 0.1 .05
12000 | 107.42 111.85 | 25.29 | 0.1 0.3 .05
13000 | 107.73 | 112.45 | 29,18 | 0.1 0.2 0.1
14000 | 108.66 | 113,36 | 35.02 | 0.3 0.3 .15
| |

TABLE (5.2)

Deformation expressed as a percentage of the initial
deformation taken at the begining of the test and

the corresponding creepocity up to 14000 hours.




Creep of initial

strain

at the

begining of the test

Rate of Creep
(Creepocity)

Strain x]O_ per hour

Time Beam Beam Beam Beam | Beam | Beam
hour R1 R2 R3 R1 R2 R3

0

500 13.33 13.57 30,61 | 32 38 12

1000 20.00 20,00 51.02 | 16 18 8

2000 32.50 30,00 81.63 | 15 14 6

3000 41,66 37.86 112,24 ¢ 11 11 6

4000 50.00 44,28 132.65 | 10 9 4

5000 56.66 50,71 153.06 8 9 4

6000 62,5 56.43 | 168.36 7 8 3

7000 67,50 60,71 178,57 6 6 2

8000 71.66 65 188,77 5 6 2

9000 75,83 68,57 193.87 5 5 1

10000 78,33 72,86 204,08 3 6 2

11000 82,5 75.71 206,63 5 4 10,5

12000 85 77.86 | 214.28 3 3 11,50
13000 88,33 80.71 219,39 4 4 1

14000 90.83 82,86 | 224,49 3 3 1

Tensile creep expressed as a percentage of the

TABLE (5.3)

initial strain taken at the begining of the test

and the corresponding creepocity up to 1400 hours.
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Creep of initial Rate of Creep
strain at the (Creepocity)
begining of the test Snoh\xld_ per hour

Time Beam Beam Beam Beam | Beam | Beam
hour R1 R2 R3 R1 R2 R3
0
500 10,14 18,31 35.93 @ 28 52 12
1000 14,49 23.94 41,92 12 16 2
2000 21,74 30.98 49,10 | 10 10 | 1.2
3000 29,98 36.62 59.88 | 10 8 12.8
4000 34,78 40,84 65.86 8 6 1
5000 39,13 43,66 77,84 6 4 2
6000 42,02 45,07 83.83 4 2 1
7000 | 44.20 45,77 95,80 3 1 2
8000 44,20 45,07 | 107.78 0 -1 2
9000 44,02 43,66 | 119,76 | -0.,25| -2 2
10000 42,75 40,14 | 131,73 | -1,25| =5 2
11000 42,02 36,62 | 149,70 | -1.,50| -5 3
12000 l 36,23 30,28 155.68 -8 -9 1
13000 | 31.88 23,24 | 155.68 | -6 | -10 0
14000 25.36 15.49 15,68 | -9 -11 0

TABLE (5.4)

Compressive creep expressed as a percentage of the

initial strain taken at the begining of the test

and the corresponding creepocity up to 1400 hours.




-
Creep of initial Rate of Creep
strain at the (Creepocity)

begining of the test Strain y Hi.perhour

Time Beam Beam Beam Beam Beam Beam
hour R1 R2 R3 R1 R2 R3

0

500 46,22 33.59 19,14 | 110 86 8
1000 71.42 | 50,78 95.69 | 60 44 32
2000 108,40 75.78 167 .4 44 32 15
3000 132,77 93.75 215.3 29 23 10
4000 147,05 107,03 263.1 17 17 10
5000 157.98 114,84 | 287,08 | 13 10 5
6000 163,86 | 122.65 | 406,69 7 10 25
7000 169.74 126,56 | 320.57 7 5 -18
8000 172,26 | 126,56 | 315.78 3 0 -1
9000 176,47 | 121.09 | 315.78 5 -7 0
10000 | 182.35 117,96 | 311.00 7 -4 -1
11000 | 189.07 | 117,18 | 296.65 8 -1 -3
12000 | 197.47 | 119.53 | 296.65| 10 3 0
13000 | 205.8 125.00 | 282,29 | 10 7 -3
14000 | 219.32 132,81 267,94 | 16 10 -3

TABLE (5.5)

Shear creep strain expressed as a percentage of the
initial strain taken at the begining of the test and

the corresponding creepocity up to 14000 hours.




Tygzh25igziep Equ;gion Constant Value
Deformation 1 m 1
1 n .483
2 A 4
| 3 B 4
3 o 6 x 107°
Tensile strain 1 m 1 x 10—S
1 n 0.456
2 A 5.15 x 107>
3 B 1,885 x 107>
3 C 1.5 x 107/
Compressive strain 1 m 1 x 107°
1 n 0.410
2 A 2,461 x 107°
3 B 1.609 x 107°
3 o 5.88 x 107°
Shear strain 1 m 1x107°
1 n 0.658
2 A 1,375 x 107°
3 B 1.0457 x 107
3 C 2.226 x 107/

TABLE (5.5)

Values of parameters for the prediction
equations 5.1, 5.2.and 5.3 based on the
best representation for the first

2000 hours.
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Section A-A
Creep loading rig



FIGURE 5.3a CREEP RIG SET UP FOR BEAM TYPE R1 AND R2
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CHAPTER ©
POST BUCKLING BEHAVIOUR

6,1 INTRODUCTION

The post-buckling behaviour of thin plates is an important
topic in structural engineering since plates are possibly unique in
their extensive use as load carrying structural components up to
and into the post buckling range. Unlike one dimensional structural
members such as columns stiffened compression elements will not
necessarily collapse when the buckling stress is reached., In this
chapter the elastic post-critical behaviour of individual G.R.P.
plates is considered under uniaxial in-plane compression since this
type of loading condition may arise in plate components of many

thin walled structures.,

6.2 TEST ARRANGEMENTS

The plates were subjected to compressive loads applied by a
Dennison test machine with the edges of the plates being supported
by an aluminium frame so as to simulate the boundary conditions
assumed in the theory fig (6.1). The frame was adjustable to accom-
modate plates of different thickness. The load was read directly

off the testing machine and lateral deflections were measured by

dial gauges to an accuracy of 0.0l mm fig (6.1). Strain was measured

by electrical strain gauges similar to those already described in

chapters 2, 3 and 4.

-2

6.3 TEST PROCEDURE

The plate was positioned in the loading machine in an accurate

vertical position, Then the load was applied to the plate and



released repeatedly for two or three times until uniform and con-
stant readings were obtained from the deflection gauges The test

was then run and lateral deflections and strain gauge readings were
o

normally taken after every load increment. The loading was usually

continued until a clear collapse pattern of the plate under test
had developed. Test coupons were later extracted from the plate
for modulus and strength determination according to the methods

described in chapter 1,

6.4 THEORY

6.4.,1 General Laminate Plate Formulation

The general differential equation describing the behaviour of

anistropic plates subjected to an in-plane edge loading and neglecting

. 6.1,2
any bending membrane coupling terms given by references ’

4 4 4 4
9 W 3w o w 3 W
D + 4D + 2D, —=—= + 4D

2 3

11 8x4 16 Bxsay 5 szay 26 X3y
4 2 2 2

+D27-3——Z— N a‘%’+2N S W N 9—% =0 (6.1)

T Qy ] XY axdy Y ey

where D3 = D12 + 2D66

and D and D. are flexural stiffnesses.
S

11° D22’ D26’

N , N, N the stress resultants as defined in section (1.13).
Xy

With plates laminated in a symmetrical arrangement about the

mid plane so that the laminate principle axes coincide to those of

and D26 will

the plate, the normal stress-twist curvature terms D16

vanish from equation (6.1) yielding

2
) 34W D a_4_‘i+,\1§__“i
—5 72 " P25 4 x3 2
X 9x 9y v X




2
+ 2 3w 32w
xy sxay TN, =% =0
Yy 9x3y y Byz (6.2)

This type of plate is referred to as specially orthotropic plate

A detailed derivation of equation (6.2) may be found in reference®-3

With isotropic plates D

11 = D3 D22 = D and equation (6.2)

becomes
4 4 4
3w . 29 w . 3 W N ﬁf. azw +2N Bzw N 32w 0 (6.3)
3.2 2 Xy = °
ox" 3x” 3y 8y4 D ax Xy 9xy 'y ay2

6.4,2 Post Buckling Behaviour of Plates

To understand why plates exhibit a post buckling strength a
simply supported isotropic plate is considered as an example, fig
(6.2a). The origin of the co-ordinates is located in the lower left
hand corner of the plate. Since a finite deflection analysis involves

both in plane
deformations in the plane of the middle surface(as well as trans-

verse boundary conditions must be specified. The transverse boun-

dary conditions corresponding to simply supported edges are

Bzw
= — = X = b
W 5 0 at x 0,
X
32
W = ——l; =0 at y = 0, b,
3y~

With regard to the in plane boundary conditions the following

assumptions are made.

(a) All edges remain straight and the plate retains its rectangular

outline during bending as indicated by the dashed lines fig (6.2a).
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(b) The shear forces ny vanish along the four edges of the plate.

(c) The edges y = 0, b are free to move in the y direction

The restraint assumed to exist along the edges y = 0, b represents
an intermediate condition between the case of total fimity and the
case of zero restraint, For total fimity to exist there can be no
movement (i.e. displacement v = 0) and for zero restraint there can-
not be any stress (i.e, Ny = 0), In this intermediate case the
edges are permitted to move provided that they remain straight.
Thus only the average value of Ny and Ny itself must be equal to
zero., For the loaded edges x = 0, b displacements U remain constant
in the y direction. This condition is realized if the plate
is compressed between parallel plattens.

For convenience the average value of the applied compressive

stress is denoted by &xb,

Thus  &xb = /O N d (6.4)
bh 0 "Xy

where h = thickness of the plate,

The negative sign in equation (6.4) denotes compression. The

following expression is assumed to describe the lateral deflection.

b4 (6.5)

substitution of equation (6.5) into the Von Karman compatability

equation,

/ 2 2 .2

84” 284F 04F 37w 2 W 3‘W

_.,,_;1_ + + _1, E [(axav) - 2 2

3x 3x3v. 3y ’ X3y
4 2 2 mx . .2

2 X 2 MY s — 6.6
- fZTTE [COS _b_. cos —b— sin = sin b ) ( )



which in view of the identities

2 1
cos a =5 (1 + cos2a)
. 2 1
sin a = Q‘(l - cos2a)
can be reduced to
4 4 4 4
3°F 3°F 3"F 2 Er 2 2
2 + = f ( mx Ty
T~ cos + cos —= 6.7
3x ox2ay’  ay ot b b ) (6.7)

The solution of this equation consists of a complementary and a

particular part that is

F =Fc + Fp (6.8)

To obtain the complementary solution of equation (6.8) the right
hand side of the equation is set equal to zero, which is equivalent
to letting w = O. Thus the complementary solution of equation (6.7)
corresponds to the in-plane stress distribution that exists in the
plate just prior to buckling., At that instant the in-plane stresses
are known to consist of a uniform stress Nx and Ny = N _ =0, Hence

Xy

a complementary solution may take the form
Fe = AY (6.9)

In view of the stress equation

(094

bxb = - ~2A (6.10)

2
F
2

oY
Equation (6.9) can be rewritten as

2 .
P - L OXBY (6.11)

I

Having established that the complementary solution represents
the in-plane stress distribution that exists prior to buckling, 1t 1s



292

obvious that the particular solution corresponds to the changes in

the plane stress distribution that result from buckline
the form of the right hand side of equation (6.7)

solution can be written as

5 + C cos ——

F_ = Beos 20X Zmy
P b

substituting this expression into equation (6.7) and equating

~

coefficients of like terms one obtainé

Thus

_Ef 27X 2Ty
Fp = 35—-(cos T COS'W;‘

and the complete solution of equation (6.7) is

2
+ COS . oxby

Ef2 27X ny)
b b 2

F = (cos

32

To evaluate the coefficient f, the Galerkin method may be

used, which takes the form

b b -
[0 L0 g (x, y) dd =0

Considering

the particular

(6.12)

(6,13)

(6.14)

(6.15)

(6.16)

Detailed analysis involving the Galerkin equation (Appendix C) results

in
2 22
4DH En™f
&xb = A
hb”~ 8b
or
2.2
Enf
bxb = dor + — -
8b~

2

. 4Dnm”
since s

hb~

is the critical stress of the plate equation (6.18)

(6.17)

(6.18)

gives
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the relationship between the average applied stress dxb and the
maximum lateral deflection f subsequent to the onset of buckling.
A graphical representation of the relationship is shown in fig
(6.,2b), from which it can be seen that the plate begins to deflect
laterally at the critical load and beyond that point as long as
the lateral deflection is infinitesimally small, the stiffness of
the plate is zero, that is the load deflection curve has a zero
slope. However, as soon as.the lateral deflection becomes finite,
the stiffness starts to increase and continues to do so as the
deflection grows. Itis thus possible for the plate to resist axial
loads in excess of the critical load subsequent to buckling,

To trace the stress distribution along the edges of the plate

it may be noted that the longitudinal stress

2 2.2
sx = 22 g - ET g cos Zby + xb (6.19)
oy 8b
and from equation (6.18)
2 8’
£ = 2 (Sxb - der) (6,20)
Em
2]
Thus dx = dxb + ( &xb - &cr) cos —gl (6.21)

Similarly the transverse stress 4 May be found to be

2mx
éy = (4xb - Ocr) cos = (6.22)

The stress distributions given in equations (6.21) and (6.22) are

shown plotted in fig (6.2c). Comparing these stresses with the longit-

uninal and transverse stresses that existed prior to buckling, two

essential differences are apparent. These are that the transverse

(ling were non existant prior
stresses & , present subsequent to buckling
Y

to buckling, and that the longitudinal stress pawhich is constant



a5

up to the onset of buckling varies along the edge after buckling
has occurred,
The transverse stresses that are present in the post buckling
range vary from a maximum compressive stress at the edges x = O
)

b to a maximum tensile stress at the centre of the plate, Of these
the tensile Stresscﬁy igyfar the more important. Its presence tends
to stiffen the plate against lateral deflection and to prevent
collapse from occurring after the critical load has been reached.
The post buckling strength exhibited by the plate can thus be
attributed to the middle surface tensile stress<§y that arises
subsequent to the onset of buckling,

Prior to buckling all longitudinal fibres have the same stiff-
ness and the applied stress is uniformly distributed across the width
of the plate. However, in the deformed configuration subsequent to
buckling, the fibres near the supported edges have a greater resistance
to lateral deflection than those in the centre of the plate. The
longitudinal stresses in the post buckling range are therefore dis-
tributed across the width of the plate as indicated in fig (6.2¢)
They vary from a maximum at the edges y = 0, b to a minimum at the
centre of the plate, A major portion of the increased load carrying
capacity that takes place subsequent to buckling is thus resisted
by the relatively stiff portion of the plate adjacent to the long-
itudinal edges.

Equation (6.17) may be applied also to a rectangular plate since

it includes the general term

9

KD " 6.23
ber = —5 ( )
2
where
2
mb N 2& 2 (6.24)
- (5_' m b



295

The derivation of the above equations may be found in reference®-8

The factor K depends on the aspect ratio a/b (length/width)

and on m and n the number of half-waves that the plate buckles into

i critic ; . .
Since the al value of Pcr 1s the smallest value in equation

(6.23), the values of m and n that minimize it must be determined.

It is obvious that écr increases as n increases and that n = 1

results in the minimum value of cr along the length a that corresponds -

to a minimum value of K and hence decr,

Minimizing K gives

K _ ,mb a b a
- = (5"* 550 (5‘- ;;?9 =0 (6.25)

from which m = %

Substituting m in equation (6.24) results in K = 4 and equation

(6.23) becomes

2
bor = E_D,?_ (6.26)

b2
In the case of orthotropic plates further modification 1is applied

to equation (6.17), and this is effected by substituting /DlD2 for D

and /ElE2 for E where Dl’ D, are the flexural rigidities in the

lateral and longitudinal directions.

E E_ are the elastic modulu in the lateral and longitudinal

1’ 72

directions.

Hence equation (6.17) becomes

~ o]

4/1)11)2 w VEE, T
Sxb = —5— t
hb~ b

(6,27)
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6,4.3 Prediction of the Post Buckling Load

The post buckling behaviour of an isotropic plate can be

analysed using large deflection theory (section 6,4.2). The following

differential equation for large deflection buckling of a plate was

introduced by Von Karman 6.4

st 28t 34
+ +

ax” axayt oyt

2. .2 2.2

3°F 3% 25°F 3°w . 3°F 8w

C7—=2- 5 =) (6.28)
dy ox 3Xdy 9x3y  9x 3y

r
D

where F is a stress function defining the median fibre stress of the

plate and
2
by T 9—%; (6.29)
Iy
2
b, T 8L (6.30)
Y X
2
: =290 F (3.31)
Xy 9xX3y

It has been found that the solution of the differential equation

for large deflection theory has little application in practical design

because of its complexity. For this reason & concept of "effective

6.4 . la= .
width' was introduced by Von Karman in 1932. The concept 1s

related to the stress distribution along the loaded end of the plate.

Considering fig (6.2a), the stress distribution is uniform prior to

buckling as shown in fig (6.3a). After buckling a portion of the

pre-buckling load of the centre strip transfers to the edge portion

of the plate. As a result the non-uniform stress distribution 1s
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developed as shown in fig (6.3h), The redistribution of stress

continues until the stress at the edge reaches the yield point of the
material and then the plate begins to fail plastically fig (6.3c).

In the "effective width" concept instead of considering the
non-uniform distribution of stress over the entire width of the plate
w, it is assumed that the total load is carried by a fictitious
effective width b subjected to a uniformly distributed stress equal
to the edge stress bmax as shown, fig (6.4). The width b is selected
so that the area under the curve of the actual non-uniform stress
distribution 1s equal to the sum of the two parts of the equivalent
rectangular shaded area with a total width b and an intensity of
stress equal to the edge stress éhax’ that is

W
frodx=0be (6.32)

It may also be considered that the effective width bC
represents a particular width of the plate which just buckles when
the compressive stress reaches the yield point of the material.
Therefore, for a long plate the theoretical value of b may be det-

ermined as follows:

2
,n-"E 03”
Ser = Fy T 7 372 (6.33)
¢ Y o 3(1-v) b/t
where
/ -]
b = Ct %— (6.34)
y

C e (6,35)
C = >
V3(1-v7)

E = the modulus of the material

the vielding strength of the material

o]
il

v

Poisson's ratio of the material

<
1}
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whenever w > b

6 . TE_

T 30-vY (6,36)
E

w=Ct)— .
/écr (6,37)

From equations (6.34) and (6.37) the following relationship between

b and w may be obtained

&
=/ —Er- (6.38)

s|o
<

Based on his extensive investigation on light gauge, cold-formed

| steel sections, Winter indicated that equation (6.37) is
equally applicable to the element in which the stress is below the
yield point and therefore equation (6.37) can then be rewritten as

b = Ct (6.39)

é
max

where & ax is the maximum edge stress, which may be less than the
m

yield stress, Test results previously obtained by Schler and Winter

indicate that the term C used in equation (6.39) depends primarily

=1
)
4

6.4.4 prediction of the buckling load (Orthotropic Plates)

An approximate solution for orthotropic plates with both unloaded

: . . 4 and 6.7), from which the
edges fixed was given 1n References (6.6 and 6./

buckling load may be predicted by the following.

LI9)
2 , n°D,
m }/D].DZ Dl ({n_:_ + é -
Neer © b2 D, ¢ > /b,D,
14 VD 2
16n 2 .0 (6.40)
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a .
vherc ¢ 5 1s the aspect ratio of the plate.
Ext:]>

Dl = EETCETC;SSD in the longitudinal direction

Ext3 .
D2 = lZ(l—vay in the transverse direction

1
and D3 E—(vXDy + vyDX) + 2(GI)Xy

3
where Z(GI)Xy =2 TE—-is the average torsional rigidity and m is an

integer.
The smallest value of Nxcr occurs for n' = 1 consequently the

critical load will be determined from

2
T /D1D2 D, . 2067D3
N (CI‘) = _'—'——2—*‘“ []_J— (—a + /
b 2 D1D2
Dy 4.2 )
+ 5,33 = (D] (6741)
D1 m

Reference 06  gives the boundary conditions for the m from

the following.
D

ifO<¢<O,9314E—1—thenm=1
2
D Dl
if 0,931 ~l. < ¢ < 1;61 4 5;- then m = 2

[ D 2

2
D

Dy

l = 2
if 1.61. 4 6—-< b < 2,28 4 6—-them me= 2
2 2 .
‘o than those gl ; tion
For plates with a higher aspect ratio than those given by equa

(6.41) the critical buckling load may be obtained from the equation.

2
I (6.42)
NXC'I' = ""‘bz mell'l
Dg (6.43)

where K. = 2.67 (1.73 + —)
1\bmln /D1D2
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6,5 TEST RESULTS

Experimental lateral deflections and strains at the centre of

the plates were plotted against load up to the collapse state fig

(605"60 8) o

6.6 DISCUSSION

From experimental plots (axial deflections and strains versus
load figs (6.5-6.8), it was possible to trace the initiation of the
post buckling region. In all cases load versus deflection behaviour
was linear up to the critical load value after which the behaviour
tended to be non-linear. The values of the initial critical loads
traced from the experimental plots fig (6.5-6.8) are shown and
compared with theoretical equations, (6.61, 6.,27) in Table 6.3,

The comparison shows that the theoretical results are higher than
the experimental,

Load versus lateral deflection was also plotted using test data
and equation (6.27 and 6.41) and this comparison is shown in figs
(6.9-6.16). Although equation (6.27) results in higher values than
test data, it exhibits a similar load-deflection relationship in the
post buckling range.

The values of initial critical loads derived from equations
(6.41 and 6.42) were shown to be higher than those derived from
either equation (6.27) or the tgst data (see Table 6.3).

The ultimate post buckling loads derived from equation (6.33

and 6,39) were greater than the experimental ultimate loads (Table

. - 3
6.4). Plate type P4 attained the maximum ultimate load (Table 6 )

and this is due to the multidirectional fibre orientation and the

i lates,
increased thickness of the plate compared with other types of p

On examining the plates after collapse,

it was noticed that the material
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around the edge nearer to the corners of the plate were more delami

nated than material around the central region

This confirms the pattern of stress distribution for the post
buckling region fig (6.2c) and the analysis carried out in section
6.4.3.

The variation between theoretical and experimental results in
fig (6.9-6.17) and Tables 6.3 and 6.4, may be attributed to the
following factors:-

(1) The theory described in section (6.4.2) is based on an approximate
analysis and therefore, contains some minor inaccuracies, for

example a precise analysis would indicate that in-plane shear stresses
exist in addition to transverse tensile stresses after buckling has
began.

A more precise analysis would also show variations in &x and
Ay across the thickness of the plate that the simplified analysis
was not able to detect.

(2) All plates do have geometrical imperfections and the general
theory of elastic stability demonstrates that such imperfections
will have a profound effect upon the stability behaviour of any

structure. Geometric imperfections in the shape of the natural

buckling modes and inclusion of voids and non uniform thickness

. < a1k 1] 5t ngth.
may have a marked effect upon the post buckling structural streng

(3) In testing plates of this nature, it is virtually impossible

to eliminate completely the misalignment factor which again has a

considerable effect on the result.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER WORK

7.1 GENERAL CONCLUSION

For the purpose of civi] engineering construction, the hand lay
technique is considered to be suitable in the preparation of G.R.P.
structural members, since this method offers a low capital invest-
ment and limited skill,

In comparison with conventional materials such as timber,
concrete and steel, G,R.P, may be expensive, but if used in an
intelligent way in shapes appropriate to its unique properties such

may lead
as light weight high strength, translucency and low maintenance.(to
highly efficient and economical solutions to structural problems
may result,

One of the restraining factors on the wider use of G.R.P. is
the lack of information on its structural behaviour, A Code of
Practice cannot be written until practice itself is established, but
continuous research and experimentation with G.R.P. structures
should lead eventually to the acceptance of G.R.P. as a structural
material in its own right and the formulation of an appropriate
Code of Practice.

G.R.P. structural elements exhibit large deformations without
necessarily producing adverse effects on structural safetv. This
leads to the necessity of accepting additional deformations beyond
those set in the Standard Code of Practice for other materials e.g.

concrete, steel etc. However, in accepting large deformations

con<i i lled
architectural appearances should be considered. Thin wa

. et en sections
Structural members in the form of closed sections OT Op
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stiffened by intermediate diaphragms appear to be the basic forms
to adopt when designing Structures in G.R.P, Apart frop the normal

stresses due to bending and shear, additionaj stresses due to

torsional warping of the section, and buckling of the individual

elements of the structure must pe considered, The simple bending
theory based on equivalent sections proved to be satisfactory in
predicting the stresses and deflections of G.R.P. beams provided
the cross-section does not warp,

G.R.P. structural elements cap be connected with G.R.P,
joints. Multiple joints are feasible but they tend to result in
larger deformations,

G.R.P. structural elements are susceptible to creep and this
is considered to be an important factor in designing G.R.P. structural
members for both short and long term loading,

G.R.P. plates exhibits a post buckling range which indicates
that a margin of safety exists if plates are designed on the basis

of the initial buckling stress alone, however theoretical predictions

for post buckling behaviour are not reliable.

7.2 RECOMMENDATIONS FOR FUTURE RESEARCH

Future research to further develop the research described in
this thesis, is described below:-
(1) The design and manufacture of G.R.P. structural members to
overcome the problem of large deformation and buckling., This may
lead to the inclusion of different materials e,g, steel wires or
slieets or to the introduction of corrugated stiffeners within the
member,

(2)  Development of provisional standard designs backed by thorough

test data for different tvpes of G.R.P, structural joints and the
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adequacy of corresponding fastner dimensions

> Spacings and head
or washer sizes.

(3) Creep behaviour for connected beams under g similar range of

loading investigated in this Tesearch,

(4) Post buckling behaviour of G.R,P, plates in shear,
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APPENDIX A
ANALYSIS OF SECTORIAL PROPERTIES FOR
A CLOSED SECTION

With reference to Khan and Stafford procedure described in sec-
tion 4,142 consider a rectangular box section a x b, with a constant

thickness t,

Sds - 2a + 2b (A1)
: e 2ab b

P = avera dius = = == _ - _3 ,

ge radius T§HE7;- Py 5t (A2)
: + =
abt S ab

= Z — = -
Ps a + b t a+b° (A3)

Wy and Ps diagrams are plotted accordingly (see fig:Ala and "Alb),
Reduced sectorial diagram w = w, diagram -
Ps diagram, is also plotted in fig alc,

The position of the shear centre of the section

ax  Sw'ydA (A4)
T Ixx

2t
msat along width + m; along length (A5)

Now St ydA

(m.+m,)
=_12-2_. .E_a\(Zt+m(-—) %—K’Zt*-

b.2
+ m7(§—) x 2t

J

O“[ oy

5 (Hl +m) (ml * m’,)t

1

il

Cg- + 293 (m1 + m2)

b(b+3a)
6

(my + m,)t
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2
Ixx = - (3a + b) neglecting higher order of equation (2.3) “(a6)
6 = SwydA - Mot ™ - ab2 + a2b (A7
x Ly b T Imvhw )

_ ab(a +b) a cos
= ?ETE_:_B) T 7 1-€. the position of the shear centre

coincides with the centre of gravity fig(ald),

The final sectorial diagram w = o diagram - oxy diagram

-3 .
From the w ' diagram and oxy diagram it is clearly seen that

the final sectorial diagram shall reduce to zero if

2

ab 32__ 0
2(a + b)” 4 ~

a 1
a+p -7 -0

or a = b i,e. the section is a square,

The bimoment stresses are generally

B.w | (A8)

W = =
Iw

where B = bimoment

=
1]

sectional property

Iw sectorial moment of inertia.

AS w = 0 in case of square sections then Iw = O and hence

bimoment stresses shall reduce to zero.



ab o
= g a2
—_ < ab — l 2a +ab
a 2(a+h) \ (a+h)
D 9
dab"+dah
= -
2ab b > > (a+b)
| |
l
2ab _ ! Sab . Sab3+232h
- 22
3ab +4a*bh
2(a+b)
(a) wb diagram (b) PS diagram
Thickness constant = t
0 ab
ab” 2 ab
Y SHCE— 4 - -
bl R :( .1 T
a
exy = 5
+\ +
\ /
{
2 ab ab
S - a’b - e 1
a+h) 2(a+h) 1
() Wl diagram (dy axa lagral
NGULAR SECTTON

FIGURE Al SECTORIAL DIAGRAMS FOR A RECTANGE

529
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APPENDIX B
EVALUATION OF SECTION PROPERTIES peam 3]

Diaphragms and local reinforcement are taken into consideration

in the following manner.
Diaphragms
Total number of diaphragms including additional stiffeners at

the support and at load application assemblies

4 61
=15 + 4 x TS T (fig B.1)
Cross sectional area of each diaphragm = 295 x 145 mm2 The

o

total equivalent thickness of diaphragms

61
= 3= X 4,22 mm (see Table 2.3)

Total length of the beam = 3000 mm
The average equivalent cross-sectional area of the diaphragms
per mm may be represented by

1 4.22

= == X

X —— x 14
3 3000 X 295 x 5

2
1223.46 mm~

Logal reinforcement

Area of local reinforcement for one diaphragm

2
= 2(295 x 25 + 145 x 25 + 14.50 x 25) = 29250 mm

. : ~ »ainfor e{t
The total equivalent thickness of local reinforcemer

[@x}

= 1 x 2.81 mm

]

: An e rea of local reinforcement
The average equivalent cross sectional area of local reis

61 2.81 x 29250
57" 73000

2
= 557.08 mm
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o

.. Total equivalent corss sectiona] area for the diaphragms p1
s plus

local reinforcement = 1223,4¢ + 557.08

2

1780,54 mm

This is represented in the equivalent Cross-section of the bean
by a strip along the of the beam section having 295 mp depth and

1780,.54

4 width of —ge—— = 6,04 mm (included as element 5 in the com-

putational table of the moment of inertia),

Section properties

Referring to the computational table Bl, the distance d, of the

neutral axis from x - x.

_IM _ 875906

1~ TA T s577.04 - 157.06 mm

The moment of interia of the section

2
Ix = kx' - Adl~

= 199402411 - 5577.04 x 157.062

= 61828860 mm4

2t = X 1 393663 mns
d
1
Ix

304.27-d1

= 420.004 mm”

The tensile and compressive stresses are calculated from the

M M.
corresponding relationships, =— and =

L

i1 c

. Ace Fram 1 ion 12,11
To calculate the maximum shear stress from equation f<.ldi!

YAy
)

t

PR 1rea above or below
It is necessary to compute the equivalent ared abo
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the neutral axis and its new neutral axis N'A! distance v from the
new neutral axis N.A, (Table B1).

The thickness b is equal to thickness of the webs plus the

fixtious thickness of diaphragms and local reinforcement,
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APPENDIX C

The Von Karman compatibility equations describing the finite

deflection behaviour of plates subjected to ip Plane forces are

3% 23%F YT sw2 o2 52
Tt Tz 2t TRl - = C.1
9x 3x" 3y dy 9x” dy ’
and
3% 25t 5% 2°F 3% a%F 2%
D( 2t W o h Oy 5
X dX 3y 3y dy  3x X 9y
_ 282F 22w ) = 0
dxdy " Ixdy’ C.2

where F is the stress function defining the median fibre stress of
the plate.

E, D, h and w as defined in Chapter 6, Full derivation of the
above equations may be obtained from Reference (6.9).

With respect to Galerkin equation

$2 10 Q® g toy) dxdy = 0 .3

Q(f) is the left hand side of equation C.2 and g (x,y) is the vari-

able part of w, Substituting equation 6.5 for w and equation 6.15

for ¢
1 4 v
2f . T . TX . ™)
- 2fn . TV . TX , i s —
()(JL) = 1 sin -— sin + Zf_j S1n 3 S1n a
a © a
o} o}
2 4 2 . » TV
Ef Y -2 TN sy I
. =g —— sin )
-h [T] [(—— Xa) (f — sin 7 a
- a” a
o) 2 Ty 4
R 2ox fm X i G

sin — sin — ]
sin - 2




and Q(f) can be written as

4

m

Q(f) = [48D T -
a
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3 4

Ehf

8a4

2

(cos 2m

T 1 sy X . 7y
- xhf 2] sin 5 Sin =

a

and the Calerkin equation takes the forp

X 2
+ cos &MY

a

4 2
4£D .
2 EET— - xa hf Ty (sin 27X 4 27X
0 0 4 2 a a
a a
Ehf3ﬂ4 2rx . 2mx . 2my
-~ (cos —— sin — - si -
8a
.2 ; 2
+ cos =L sin £IX giq —EXJ] dxdy = 0
a a
Making use of the definite integral
. 2m
fa sin ==X gx = &
o] a 2
Equation A.6 can be reduced to
, 2 2 2.4 2
4fD 1 Ehf nr a 2rx . 2mX
(“I“'W - xah f E§J %—-- —3—1——- 5—( é cos E—-51n-7;—dx
a a 8a
9. 2 v
+ /% cos ¥ gip 22 dv) =0
o) a a
Using the identity
R P
2 . 27X 1 21X e =X
c0S 3 I = ~0 - COS
o8 a ot a 2 (cos a 4

C.5

C.6

C.7

C.8

c.9
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and the definite integrals

a 2 2mXx
=\

é co

a
dx = &
X =3

2 cos zﬂf-dx =0
S a

Equation A.8 reduces to

2.2
4D72 En~f
xXa = = +

ha” 8a°

C.10

C.11
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