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SYNOPSIS.

The research work described in this thesis is concernzd
with the development of glassfibre reinforced plastics for structural
uses in Civil Engineering construction.

The f'irst stage was primarily conccrned with the design of
GRP lamintes with structural properties and method of manufacture
suitable for use with relatively large structural components., A
cold setting, pressure moulding technique was developzd which proved
to be efficient in reducing the void content in the composite and
minimising the exothermic effect due to curing. The effect of fibre
content and fibre arrangement on strength and stiffness of the com—
posite was studied and the maximum amount of fibre content that could
be reached by the adopted type of moulding technique was determined,

The second stage of the project was concerned with the
introduction of steel-wire "sheets" into the GRP composites, to takse
advantage of the high modulus of steel wire to improye the GRP stiff-
ness and to reduce deformation.

The expgerimental observations agreed reasonably well with
theoretical predictions in both first and second stages of the work.

The third stage was concerned with studying the stability
of GRP flat rectangular plates subjected to uniaxial compression or
pure shear, to simulate compression flanges or shear webs respectively.
The investigation was concentrated on the effect of fibre arrange-
ment in the plate on buckling load. The effect of the introduction of
stecel-wire sheets on the plate stability in compression was also
investigated. The boundary conditions were cliosen to be close to
those usually assumed in built-up box-sections for voth compression
flanges and webs. The orthotropic plate and the mid-plans symmetric

theorics were used successfully in predicting the buckling load



- (ii)

theorctically. 1In determining the buckling load experimentally,
two methods were used. The Southwell plot method and electrical
strain gauge method. The latter proved to be more reliazble in
predicting the buckling load than the former, especially for
plates under uniaxial compression. Sample design charts for GRP
plates that yield and buckle simultaneously under compression are
also presented in the thesis.

The final stage of the work dealt with the design
and test of GRP beams. The investigation began by finding the
optimum cross-section for a GRP beam.' The cross~section which was
developed was a thin walled corrugated section which showed higher
stiffness than other cross-sections for tiae same cross—sectional
area (i.e. box, I, and rectangular sections). A cold setting, hand
layings technique was used in manufacturing these beams which were
of nine types depending on the type of glass reinforcement employed
and the arrangement of layers in the beam.The simple bending theory
was used in the beam design and proved to be satisfactory in
predicting the stresses and deflections. A factor of safety of 4
was chosen for design-purposes and considered to be suitable for
long term use under static load. Because of its relatively low
modulus, GRP beams allowable deflection was limited to */,zoth
of the span which was found to be adequate for design purposes.

A general discussion of the behaviour of GRP
composites and their place relative to the more conventional

structural material was also presented in the the thesis.
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Introcuetion:

Glass reinforced plastics have been steadily
gaining acceplance as a construction material for reasons

such as, its smcoth surface finish, good permanent colouring,

sistance end finally its translucancy. These properties have
resulted in the glass reinf'orced plastics being widely used
as a construction material for many non-structural applications.
The high specific strength (strength/density
ratio) of this material makes it of interest to structural
designers and researchers to study the possibility of em-
ploying glass reinforced plastics for structural application.
Its disadvantages for structurel application
include its relatively low moduius, its creep wenhaviour and
its fire resistance properties ana its relatively high cost.
These factors have militated against its rapid adoption as a

structural material.

Aims of the present work:

The ultimate aims of this work are to find a
suitable moulcing techricgue end feasible design criteria for
some of the basic structurd uses to which the material might
be applied. Consideration has been given tc the effect of fibre
content and oricntation of the individual layer and to the
stacking sequcnce of all layers on mechanical properties of

the material.

Lnsic Assunplionss—

The glaess reioforced plastic material is gercraliy

asouned to hrve the following propertiesi--
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1.4)

concd.
(i) To be a laxinated hemogeneous transversely
isotropic material.
(ii) The laminate is symmetric about the middle
horizontal plane.

(iii) In the composite under consideration, the
thickness is considered to be very small com~
pared to other dimencsions.

(iv) The strain is considered to be of egual magnitude
in the constituents of the composite.

(v) The material is considered to obey Hooke's Law.,

Theory Applied:

Th: method of centinuum analysis has been adopted
in tris project for the sake of material characterization of
strength and stiffness.

The yield criterion which has been considered
to be accepteble for the design of glass reinforced plastic
composites is the generalised Von-Misecs (Distortionzl Energy)
yield criterion for transversely isotropic materials in a
state of plain stress.

In studying the buckling load of glass fibre
composite plates under uniaxial compressiocn or pure sheal',
the epecially oxrthotropic and mid-plane symmetric theories
have been adopted.

Finally, simple bending thcory was used in the
design of glass reinforced beams with the following con-
siderationn:-

(i) The material of the beanm specirens is homogeneous
transversely isotropic and hag ncorly the same value

ol ]_ongiid,u\ij_n;tl_ modull in tension and compresslcll.



1.4) contd.,

(ii) The beam is initially straight and all longitudinal
filaments bend into circular arcs with a common
centre of curvature,

(iii) Transverse cross-sections remain plane and perpen-
dicular to the ncutral surface after bending.

(iv) The radius of curvature is large compared with
the dimension of the cross-section.

(v) The stress is pure longitudinal ana the stress

concentration effect under point loads is

neglected.

1.5) Components investizated:

In addition to the general characterization of
glass Tibre and steel wire -~ glass fibre reinforced comn-
posites, the following structural components have been
investigated,

(i) Glass fibre reinforced flat rectangular plates
subjected to uniaxial compression ov pure shesar,

(ii) Glass fibres reinforced simply supported beams.
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2.,1) Glass Fibre Ecioforced Flootics.

2.1.1) Introduction,

Gless fibre reinforced plastics are cemposite
mece by reinfercing sz thermosettivg resin with glass
fibres. Meny other composites are known, rargirg from
wood, whick is lignin reinforced with celluleose fibres,
and reinforced concrete, to laminates made by reinforcing
a resin with sheets of paper or fabric (ref.2-1).(In the
remainder of this thesis the term glassfibre reinforced
plastic will be abbrevioted to GPP).

- .

GEP vias develcoped irto comrericsl vic

+

vility about

20 years ago. At the present time the consumption of this

jo 9

type o paterial in the irdustriel werld is incressirng

rapidly and th: applications ccver building construction,

—

marive urits, chemiczal plarts, rail and road transvor®, cladding

and sheeting and aerospace applications. In cpite of these
wide epplicetions of GRP many prooerties still remain un-
determired for the desipn engineecr, especislily the structural
preperties of CRP for load bearing epplicatiorns.

Structural GRP composites have higrher strength to

welght ratios than mcst other conventional ergircerirng
(=) O o

[
P
k)
@)
)
>]
2.
(@)
=
—

materials., They are also attractive in apresr:
contribute substantielly to the architectural besuty off
the structure. They can ezzily be wzde translucent and
are easily pigrented to give any desired colours to ths
structure. Further, GIP, ac many other plastics, has
excecdingly good corresion registance, which is far

sup2aricy Lo thet of mary ceunverticnal structural materials

e

ang they we very amenable Le prefobvication.,  This proporty,

Logetier with thoiy Tigho wel ity waber CRP coimposites very



contd.

vseful materials in systems of industrial building, (ref.2-2),

Strength:

The ultimste strengfh of GRP may be varied according
to the type of reinforcement used and the amount of fibre
volume fraction in each particular direction of the composite.
In the later case high strengths are only found in the
direction of high.fibre volume fraction which reflects the
anisotropic behaviour of the composite. GRP shows different
tensile and compressive strengtns and because most GRP
composites are considered as laminated composites this
creates the possibility of interlaminar shear failure; a
phenomenon peculiar to fibre reinforced laminated composites.
The interlaminar sh.ar strength may be an order of magnitude
lower than the tensile or compressive strength ani it is in

fact a significant weakness of tas material. Table (2-

—

)
shows a comparison of mechanical properties of two types of
widely used GRP laminates and other structural materials.

From Table (2-1), it can be seen that steel is 2
close competitor to GRP obut even this material compares
poorly wi th both forms of GRP composites on a specific strength

basis,

Modulus of HBlasticity.

The modulus of GRP matecrials is much lower than that
of stiucturul steel, The ramifications of low modulus are
twofold, Firstly, the deformztion o' GRP structures will be
larger thaa similar structuwres wmade of convéntione“ materials,

Howaver, since deflections arve related Yo stifffnes the eross-

seelional geomatry con be tailored to compensate for Lhe Jow



*STBTJS3BW TRUNG ONILS 0130 YITM
Poxedwod sejrUTERT A4 JO soTyasdoad TeoTuwloay Aﬁ.mv TIgvL

¢ - £°9 - - ¢z
G°zlL ~ 532 e | 84 8 0 JI0TI89%8
09T G2 cg 0L ol ] 82 SAOTTY 2UETT
0§ 0§ 062 002 oa" 8L
Cotr 062 06¢ 0% Ccog G°¢ TBUCTA 05
i
oL ¢l 0¢T L CO0T | T
!
5/NH &/ oo /A /N0 g/ m )
1
U usdsg UYeunI3g unduoas SNTOTOW U3Suedayg _ ;mpﬂ.\wm_u..w
OTJTOo8Cg 1ovdul | eatceaaduay 6T TEUa], oTISUL], ~ 0TJIOOCg




2.1.3) contd.
modulus and the best structural forms for GRP are shells,
folded plates, stressed skin systems and thin walled
corrugated sections. The second aspect of the low modulus
is that buckling may become the governing design criteria
whenever compressive loading is present. Again this can be
overcome by using a suitable structural form such as
rivbed, sandwich, curved or corrugated form of constructions

(ref.2-3). Table (2.1) shows a comparison between the moduli

of GRP and other engineering materials,

2.1.4) Effect of Water.

Water is well accepted as a major cause in the
reduction of strength of glass fibres in a composite. It is
also coansidered as a cause of destruction of ths bond betwesn
the matrix and reinforcement and both swelling and plasticisation
of the resin. GRP composites may be produced as water re-
sistant if their constituents are treated for this purpose,
For example, a silane or silicone finish to the glass fibres
and resins of low water absorption lead to composites with
improved water resistance. The question of water attack is

more fully discussed in refs.(2-4,5,6,7).

2.1.5) Creep.
GRP material is visco-elastic, i.e. its extension
under stress is a function of time. Creep of GRP depeads
upon the stability of the fibres and upon the extent to which
{the malrix itsels is subjuct to divect leoading. Thus in

composites reinforced with uridirectional fibrus less croep

strain occurs than in other fibre conriguwration, On the
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other hand, creep under interlaminar shear siresszs ang
creep in short-fibre (chopped strand) composites will be
large unless the matrix itself is relatively creep resistant.
Creep also occurs in laminates tlat are wound or pressed
with fibres at some angle + 6 to the stress axis,

The creep behaviour of short-fibre composites
is governed by the matrix rather than the fibres. Under
long term load there will be three processes occuring in
a short-fibre composite, Shsar stresses at the fibre ends
will be relaxed causing load redistribution; stress re-
laxation will occur in the matrix and losd will be transferred
into the fivres; and finally, creep of the fibres themselves
may occur, see ref.(2-8).

In general the difference in creep behaviour
between the various types of laminates can be related
principally to glzss conteat. Another factor is irregularity
or lack of reinforcing continuity in the load direction as
is the case for chopped strand mat laminates.

Insufficient work has been carried out Tor the
designer to be able to predict the creep behavicur of GRP
confidently. This is particularly true with respect to
creep unier stresses other than tensile. However, ref.(2.9)

suggests that results of short term creep tests can be

7]

usefully extrapolated over longer periolsz. Finally, refu(2-ll)
notes that the principle factors affecting creep from the
design point of view are:

1) Matevial construction (i.e. mat or fabric).

2) Stress level.

3) Favironment,

) Towperature.
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A general reviww on creep of fibre reinforced

composites could be found inrefs.(2-3,10),

2.1.6) Fatigue,

When engineering materials are subjected to
repeated lozding they may fail under a load ruch lower
than the short-term ultimate load. This phenomenon has
been a problem to enginecers since the early part of tas
nineteenth Century and is called "fatigue". Originally
attention was concentrated only on metals,subsequently
this phenomenon was recognised in virtually all engineering
materials including concrete, asphalt mixes and plastics,
Glass reinforced plastic of all kinis have been found to be
susceptible to fatigue failure under rep=zated loading.

Only some aspects of the méchanism ol fatigue
damage in GRP are understood.Refs.(2-12,13% and 14) give a
considerable amount of data on the f atigue characteristics
of' chopped strand mat and woven fabric polyester lamineates.
For these types of laminates the mechanism of fatigue fzilure
is reasonably well understood. The first stage of failure
is tensile debouding within strands which are perpendicular
to the applied load. The subsecuent stages are joining cof
debond s, resin cracking and final failure. Ref.(2-15) states
that the stages in the cyclic lif'e of a GRP laminate aepends
on the material and the manner of loading. In axially stressed,
unidirectionally reinforced laminates an initial debound g

process is also cvident due to ference in deformation

betwecn the resin and glass. Further processes arve matrix
A

crocking ani even disivlegration whore the fibres remain

vl oo '\']" ) "(r‘;“
velatively wienr.god.
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In ref.(2-16), the fatigue ratio (fatigue strength/
ultimate strength) at 107 cycles for twenty-iwo tests were
reported. The tests were for a wide range of glass content,
loading conditions, laminate construction and resin t;pe.

The fatigue ratios range from 0.13 to 0.39 with only two
values belox 0,20 and an average value of 0.25. These results
indicate that a factor of safety of 5 on ullimate stress
would be conservative for the majority of tests.

The effects of glass-content on fatigue are re-
ported in ref.(2-12) and show that the glass content had
only a small effect on long-term fatigue strength.

The conclusions regarding the effect of termpature
on fatigue are at variance. At cryogenic femperature,
ref.(2-17) reports that ths fatigue strength was equivalent
to or an improvement on the room temperature fatigue strength.
This was not substantiated by ref.(2-18) which finis thal the
fatigue strength at -20°C was reduced to that of the room
temperature strength. In addition the fatigu:z strength was
found to decreas2 at elevated temperatures. Ref.(2-19) in a
very limited investigation, shows that the weepning strain
(i.e. the strain at which fluid can seep into and through
the laminate), decreased beyond 40°C for ioading conditions
in excess of 100,000 cycles. Thig worx was for one resin
system and for filamnent wound pipe and has not been
substantizte. for any other conditions,

More information on fatigue in GRP may be found

in ref.(2-20).

Lone Tore Thopertios,

This sccelionn will be devoted to gencral rewmsrhs
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concerning fatigue, creep and strength-retention characteristics

and may be considered as a continuation to Sections (2.1.5,6)

above,
Figs.(2.1,2 and 3) were extracted from (ref,2-1,

P.46) and represent a series of tests on different glass

reinforcement unier a repating loed of up to 10% cycles and

five years continuous loading.
Examination of the curves indicates that:-

1) Both tensile and flexural fatigue strength with both
randon reinforcement and bi-directional reinforcement
tend to level off at between 20-25 per cent of their
short-term ultimate strength of 107 cycles. Fig.(2-1).

2) At a tensile loading of 50 per cent of the short-term
ultimate strength, the total creep after 10* hrs. is
in ths order of 0,005 in/in. Even thousgh GRP exhibits
extfeéely low strain to fallure it is seen that the
laminate creep over extended periods will be negligible
when the working stress levels are in the order of 1C%
of the short-term vltimate, Fig.(2-2).

3) The tensile strength retention of laminate continuously
loaded to a level of 50 per cent of the short-term
ultimate strength will sustain this lozd for 10* hrs.

As with the creep characteristics, at a working stress
level approximately 10 per cent of the short-term ultimate
it is expected that strength retention would be entirely
adequate, Mig.(2-3).

A general but interesting observation from the

above lous-term data is thit raudom chopped strand glass mat

reinioveed laainates ave shown to huve fatigue strength

retention, croep resistance and continuous louding strensth
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retention similar to laminates reinforced with continuous

woven fibres,

2.1.8) Impact Strensth,

There is a certain ambiguity in existing de-
Tinitions of impact strength and its relation to +he tough-
ness of a material., In general, under impact loading many
materials behave in a brittle fashion (i.e. with little or
no plastic deformation beforz fracture). The sasier property

to measure in a rapid test such as a Charpy or Izod test

D

is the energy absorbed from the pendulum. When this type of
test is used, the energy absorbed to break the spacimen is
higher than that to damage the specimen to suca an extent
that for d_esj_gn purposes could be uscless. This is
because, in addition to tho energy regquired toc crack the
resin, energy is also reg.uired to tear the glass fibres

abric or

Hhy
[

apart or out of the resin, In the case of glass
mal reinforced polyester this can be considerably more than
the energy reauired to crack the resin and make ths structure
permeable to water or other environments, So that care should
therefore be exercised when using impact results from this
test methed as they ma,y be misleading.

- : A f A
Further information may be obtained from ref,(2-10).

2.1.9) Dbuctility.

Gy is a brittle material and differs from mild
steel by not undergoing plastic defommation before ultimate
o lure. Two disadvantagzes arise from thls britile type of
LS . e Lo A &

. .. .\ . . .
N b REENN N o TYQ @ rga ad oy ¥ 44 Ay . o of -
behaviour. Fivetly, in GRP stress redistribulion arva reliof is

in ductile matervials (e.o. mild steel) at

not as elfecetive as
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2.1.9) contd.
points of stress concentration. Hence structural joints
must be designed with special care in GRP. Secondly, steel
structures show considerable deformations prior to catastrophic
Tailure which may serve as a warning of impending failure,

Such warning would not be expected in GRP structures.

2.1.10) Durability.

GRP composites suffer a reduction in strength,
modulus and appearance when exposed to the atmosphere, where
ultra-violet light and water are the main causes of the
degradation, ref.(2-21), Hence some resins with low water
absorption and treated against ultra-violet light give
composites a better weathering resistance.

Ref.(2~22) states that the dscrease in tensile
and interlaminar shear strength ranges between 10-20 per
cent if the GRP unit is exposed to the atmosghere for a
period of 3 years, althouzh compressive strength shows an
increase of 10 per cent.

Heat and atmospneric pollution can also signiiiczently

effect the properties of GRP composites.

2.1.11) Fire Resistance.

A1l organic materials bu:n 1f the temperature

e e o i bE~OR
inereases above the ignition temperature (about 250°C for

i

GRP) for any lensgth of time. Ilence GRP is classed as
combustible when used independelty and its use 1s restricted
irn buidldings by the building regulatiocus unless specially

O

{reated to increase its fire vesistauice,
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GRP  unlike most conventional materials, gives the
desiguer a degree of frecedom to design the sort of material
he needs as well as the shape of the structural coamponent
desired. This freedom is subject %o economic coasiderations
and moulding technigues currently available. 0° the meny
manufacturing techniques currsatly used in the plastics
industry e sclection is given below:-

1. Hand lay up and contact moulding

2. Spray up technique

3. Hot and cold sress moulding

4. Polyester Dough mculding compounds

5. Continuous resin injection for glass fibre moulding
6. Continuous Pultrusions

7. Vacuum bag

8. Pressure bag

9. Continuous laminating
10. Filament winding

11. Fabrique winding

A deteiled descristion on the above techniques may

be found in ref.(2-23),

lass~Resin Interface:

Unidirectional glass fibres cannot bezr load in
compression aud shear unless they are embedded in a resin
matrix that gives ths fibres the nzcessary s
resistance Lo such leading system, The glass and resin are
mutuelly veiwitoeccing, lhe stroug, sUIT0 glass carries most
ol the stross and the polymor mabrix dictributes the ¢xternal

-

foad te 4lL the fibres, while at Uie same time protecting

Laoem.  Tids Lond ochmvlig veaulres that steoss be trausiorecd
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NS

across the interface between glass and resin, the physical
and chemical properties of which should be known. There

is wvo sharp, well defined interface between glass and

resin for the glass is coated with a heterogeneous mixture,
itself resinous in nature, and this in turn is coated with
the resin fomning the matrix of the composite structure.
The constitution and properties of the resin is different
from both the coating anid the glass. The whole interfacial

region is about 10°% um thick or greater, see Fig.(2.4).

L
E oot

AT
l } :\‘f\ég. ::‘..‘_. P ayer

U’m . fesin T size -7

FIG.(Z.A), Szction of & composite normzl to
the fiore axis showing an area
of the interfacial region,

A thorovgh characterization of fibre-resin interface

may be found, ref.(2-24).

GRP Constituents.

So flar the characteristics of GRP composites have

been discussed. In this scction, the discussion will b2 con-

centrated on the constituent malerinls which form the GRP composites.

Theso meterials ave the glass fioves and the thermosoliine plastlic

'esing .



2.2.1) Glass fibres,
Tne reinforcement which is currently of most
gencral use is glass fibre forimed from inorganic oxides.
The m.st common glass fibres are made from so-
called E-glass. Another more recent type of glass composition,
S-glass 13 of higher modulus and higher price than E-glass.
The properties of E andl S glass fibres are gilven in
Table (2.2)
Young's
Glass Composition Percentage by weicsht Modulus Strength+ Density
S:0z Als0s €a0  HMgO  BgOg (GN/m?) (GN/m?) (10%ks/m®)
S 65 25 - 10 - 84.1 4.83 2.49
E 54 14  17.5 4.5 10 72 345 2.55

+ Average strength of undamaged
6 cm length fibre,

Table (2.2)

Properties of S glass and E glass fibres
(ref.2-25).

Other types of glass fibres are available commercizlly

f'or special purposes and are more expensive than the E glass

fibres. These types are listed below.

1.

)

Alkali-lime glass (A-glass): A coarse fibre

usvally used in some textile fibres,

C-Glass: This type of fibre was developed for appli-
cations requiring greater corrosion resistance to acids
than that of E-~glass.

D-Glass: This was develoved for its low dialetric cocnstant

for use in randomes. It has a low densily not exceeding
; .8

2.6 gn/em”.

M-Glass: Poscesses a high elastic meodulus 2and is used

for many strucbural appliculions wicre the limiting
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design factor is stiffness rather than strength.

It's Young's modulus, 11.4 GN/m® (15.9 x 10°® psi),
is about 50% greater than that of the E-Glass.

5. Fused Silica: Is a unique glass, particularly in
its resistance to softening at elevated temperature
and in its low density (2.10-2.21 gm/cm®) and high
strength in fibre form which varies between
5.61 to 9.81 GN/m® (800,000~1,400.000 psi).

Further details of special purposes glass fibres may be found

in ref.(2-26).

2.2.1(i) Production of Glass fibres.

The principle of manufacture is shown diagrammatically
in Figs.(2.5 ani 6). The eguipment described in ref.(2-27) to
produce a single filament of E glass is shown in Fig.(2.5).
Molten E glass is contained in an electrically heated platinum
bushing, a filament is drawn downward tnrovgh a nozzle and
wovnd on to a drum.

The principle of the Owens-Corning manufacturing
process, ref.(2-28), is shown in Fig.(2.6). Glass in the
form of marble or batch is introduced into the bushing. The
base of the bushing contains a number of nozzels (of the
order of 200) and a filament is drawn from each. A sizing
is applied to the filaments just before they are gathered
into a strand;after which a traversing mechanism winds the
strand on to the forming cake. When the forming caks reachss
the desired weight the winder is stopped and the caks removed
and placed in an oven to be cured. The cured strand is then

processed into roving. A roving may contain 1,12 cor 20 strands
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and is described as 1, 12 or 20-end roving.
B

Further details on glass fibre production are

given in ref,(2-29).

2.2.1(ii) TForms of Reinforcements.

2.2.2)

Glass fibre reinforcement may be produced in many

forms depending on type of component to be mgnufactured,
the moulding technique, and ths design requirements,
The types of fibre reinforcement available
commercially ares-
1. Yarns
2. Tabrique and tapes
5. Rovings

L. Woven roving fabriques, (unidirectiocnal and
bidirectiozal)

5. Chopped strands
6. Chopped strands mat
Full descriptions of these reinforcements may be found

in ref.(2-29).

In this section discussion will be limited to thermo-
setting resins., Thermosetting materials are those that undergo
a chemical polymerization reaction (cure) when heated and re-

heating does not reverse tae process. The most common resins

used in GRP are polyester, epoxy, and phenolic., Phenolic resin

=2

although it is the cheapest, requirses high moulding pressure and

is only used in certain applications using the pressure moulding

manuiacturing process. Polyester and expoxy resins have theo
{ollowine conposition and propertics,

1. Polyester Resing: uncatuieated polyesters cve asde
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by reacting together a dihydric alcohol and a
dibasic acid, either or both of which contain
& doudle bonded pair of carbon atoms, The main
propertics of this resin are shown in Table (2.3),

2. Epoxide Resin: linear polymers made by condensing
epichlorhydrin with polyhydroxy compounds. The
properties of this resin are also shown in

Table (2.3).

Cured Polyester Cured Epoxy
Specific gravity 1.10 = 1.46 1.11 - 1.40
Tensile Strength (MN/m?) 42 - 91 28 - 91
Tensile Modulus (GN/m®) 2 - 4.5 2.
Compressive Strength (MN/m?) 89.6 - 251 103 - 172
Shrinkage 0.004 - 0,008 0.001 - 0.004
Heat resistance C° 60 - 204 L6 ~ 238

Table (2.3) TYPICAL RESIn$ PROPERTIES
Other types of special purpose resin may also be used
with glass fibres but are of a very high cost. These are:-
L. Melamin - good electrical and heat resistance
2. Silicon -~ highly heat resistant
5« Furane - good chemical resistant.
A more detailed account of resin systeus may be found in

ref.(2-23).
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CHAPTER 5
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Introduction.

In the previcus chapter, a general definition
of GRP composites and their constituents was introouced.

This chapter is mainly concerned witl the
manuf'acturing techrique for the GRP ccmposites under
investigation, and with the elastic and strength properties
of' the monoclayer with respect to the principui and other
directions.

The effect of fibre content and orientation,
in addition to the efflect of voids on the elastic and
strength performance of unidirectional composites will be
investigated, from which the strength and elastic pro-
perties of the multidirectioral laminated system may be
deternired and a methoc of design oi these composites can
be obtained.

The stress-strain relationship in tension and
compression for unidirectional,cross-ply, angle-ply and
multidirectional GRP composites will e studied.

Finally, for the general characterization
of the composites under investigation, the methcd of
material testing will be discussed and the design of test
specirers used in the material characterization will be

presented.
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5.2) Stiffness.

The very low stiffness of GRP lamintes has proved
a serious obstacle to the development of efficient structual
designs. General stress levels in GRP components should be
severely constrained to be far below the ultimate tensile or
compressive strength in order to avoid elastic buckling and
excessive deformations.

Structural design in GRP is normally inf{luenced
more strongly by the elastic modulus of the mcnolayer than by
the layer strength. Therefore careful evaluation of elastic

constants should be treated as an important part of the design

process,

3.2.1) Hook=a's Law For Anisobtropic Materials.

Trom elementary theory of elasticity, the generalized

Hooke's Law for a continuous material is dsfined by

o, =0.. €, (3.1)

1,521,200, 6
Equation (3.1) shows thirty six elastic constants are needed
to relate stress and strain below the proportional limit of
the material.
The stiffness metrix Cij in equation (3.1) is of
symmetric construction (i.e. Cij

form of the stiffness matrix of symmetric anisotropic materials

= Cji)’ and the most general

is as follows:~

(Cli Ciz Cis  Cig Cis Cie
Caz Cas Czz  Czs  Caze (3.2)
Caz  Casa Cas  Cas

Cae Cas  Cas

Symmetric Css Use
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for a total of twenty one elastic constants,

If equation (3.1) is inverted it will vield the
following

g, = Sij 05 (3.3)

where Sij iz the inverse of the stiffness matrix Cij'
Since the inverse of a symmetric matrix is also symmetric,
then Sij = Sji Tor a tolal of twenty one compliance elements,

In this program the material under consideration
1s assumed to be thin (i.e. the dimersioa in the verticle
axis of symmetry is very small compared with the dimensions
of the longitudinal and transverse axes). Therefore the
analysis throughout the program will be of a twe-dimensional
nature in a state of generaliized plane stress. Equation (3.3)

in matrix form then becomes

SX [311 Siz 516} o,

€ _ S12 S22 Szef |O (3.4)
y = y

YKY Lsis Sz26 Ses Txyj

In the above case six elasticz constants are needed. If the

material is assumed to be orthotropic, and the coordinate

axes coincide with the principle axes, eguation (3.4) reduces to

FSL S112 S12 O op 1

& = 812 S22 O O ’ (3.5)
T

Yip 0 0 Ses | L LiJ

where L and T are related to the principui longitudinal and
transverse axes respectively.

To determine the stress—-strain relationships four
the two dimemsional orthotropic problem requires the iaversion

z =\ RN ’ R
of equution (jhp) the result is
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o, Cia Cs2 O rSLA
UT = C:].Q ’022 0 gT (5.6)
LT o 0 ss| | Ypp|
whare
S
Ci:t - -.._..2:.2.__.._._.2
811822—812
S
Cj_z = _12__.___2
511822512
S
P U X N
Cag = :
S14822-512
and
1
Cee = E;Z

It can be noticed tnat two dimensional orthotropy requires

only four elastic constants.

Stress-Strain Relation for a Unidirectional Layer

Referred to the Princiosul Axese.

Consider thz two dimensional case of an orthotropic
unidirectioual composite monolayer in which the longitudinal

direcction is L and the transverse direction is T (Fig.3.1).

L
L
L o
]

A
¥
2
—
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The elastic modulii to characterize this layer
are EL and ET in the longitudinal and transverse directions
respectively, GLT’ the shearing modulus associated with
L and T directions, Vi the longitudinal Poisson's ratio
giving the transverse strain caused by a strain in the
longitudinal direction and Vg, 2 the transverse Poisson's
ratio, giving the longitudinal strain caused by a strain
in the transverse direction.

The relatiocns of these five constants to the four
independent elastic constants of equation (3.6) can be

established by letting o of equation (3.6) be the only non-

zero stress. Then the eguation becomes

Q
t

C € + G40 €
11 L i2 T

Ciz SL + Cz3 ET

i

wnich can be solved to yield

Oi ng

3
C11caz" C12

and (3.7)

ET CYL Cia

i

- -

C14C22-C12”

The modulus EL is defined as

L o
::,L—_L

“L
and the substitution of the first of equation (3.7) yiclds

Ciz° ,
EL = Cii - E%%"' K5°8)

=]

The longitudinal Poisson's rabtio is def'ined as

o
v = - T
LT -
€
L
Fgueit ion (3.7) canbe substituted in the above expression

to obtain
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(<
ISRV

v =

LT (3.9)

[}

2

A repetition ou this procedure with o, the only non-zero
4o

stress in equation (3.6) yields

3

on Caig
Ep = T = Caz - Cii (3.10)
€,
T
and
- &, _Claa
Vo, = EE =2 (3.11)

T
Finally, if LT is assumed to be the only non-zero stress

in equation (3.6), then

Gy = LT = Cee (3.12)

Yur
which is the fifth elastic constant.

Since only four independent elastic constants
were indicated by equation (3.6), some relationship must
exist between the five conatants mentionzd above. Dividing

equation (3.8) by equation (3.10) gives

o

B

also dividing equation (3.9) by equation (3.11) yields

B, oo Gas (3.13)
Caa

v Cag
L = Caz (3-14)
Y7L

From equatious (3.13) and (3.14) we can obtain

the relationship

=

‘L, = LT (3.15)

—
[ro—

T TL

Therefore any three of the four constants in eguation (3.15)

=
S

plus GLT constiitute an equivalent set of four independent

elastic constants in tie principa[ material directions.
It is usually easier to work with stiffness and

compliance elements than the five elastic constants just

discussed, The equivalent expressions are
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contd.
Cos = __ "L
L= vppvyy,
Cio = “LT Up o= vy
L =vipvpg, L vy,
(3.16)
022 = ET
L =vppvpy
and
Cee = GLT

for the stiffusss element defined in eguation (3.5).

For thz compliance elemesnt defined in equation (5.5)

1
S14= =

L
Sia= - LT == ’TL
£
L Ep (3.17)
1
522 = E
T
a 1
an Se,e, = E
LT

Micromechaonicol Methods of Preilicting The Elias
Constants For a Unidircctional Layer Raferrsd
The Principal Axes,

The analytical methods used for composite materials
are divided into two mejor categories, micro and macromichanics.
These methods are different in the geometrical scele of reference,
The micromechanic deals with the constituent oroperties of
the monolayers, wnile macromechanics descrives the combine
characteristics of a numbur of layers So in this section
attention will be concentrated on the determination of elastic
conslants of composite by the means of micromcchanical mothoda

(i.o. as o tunetion of its constilucenty propertias, the fibres

and lhe resin m tr'ix:) .
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It is important to empahsize tint the availability
of many types of composite materials has made it feasible
to design a material for a given set of properties. This
moder:a composite concept recognizes that the materisl desizgn
phase is an integral part of the structural design process,
Many models representative of the fibre-matrix
microstructure have been constructed for the sake of analysis,
For typical glass filament, prepreg tapes and rovings, the
morolayer is made up of a large number of filanent buadlzos,
Jhen these buniles are compressed, and if they are ideally
"Packed" during the laminating process, individual filaments
become arrangad in either a square geometric array in the

hexagonal array Fig.(3.2B).

a
=

matrix Fig.(E.ZA) or

fibres

matrix

A-A square array of fibres
in a matrix element

C~A random array of fibres in a

matrix clement

FIG.(3.2)
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In most cases, however, small diancter fibre systems (such
as glass) do not pack ideally, and a random cross-sectional
array is obtained as shown in Fig.(3.2C). Strict fabrication
process control is required to obtain thc desirable geometric
arrays in the first two systems.

Many studies on the composite media have been
undertaken in recent years, in these studies the composite
meaia were assumed to be locally hetrogeneous and grossly
homogeneous with the following combinations, (ref.3.2).

1) Local and gross isotropy.
2) Local anistropy ani gross isotropy.
3) Local isotropy ani gross anistropy.

The number of independent elastic constants in-
creases from two, for the grossly istropic case, to four,
five or six for the unidirectional composite. The exact
number depends on the type of symmetry of the composite, as
dictated by the assumed packing arrangement of the fibres

in the composite.

Number of

Independent Fibre
Symme try Constants Packing
Orthotropy L Random

(2-Dimensional)

Hexagonal or
Random

Transverse
Isotropy

Tetragonal 6 Square

CTABLH (3,1) (Extracted from ref.3.2)
Considering the unidirectional layer as the
basic unit of' the fibre resinforced composite or the
laminated composite, it means dealing with a parallel

set of [ibres cmbodied in an otherwise homogeneous
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contd.

matrix material., The unidirectioconsl layer constituents are
consider to be of isotropic nature, while the laye:x itself,
if its coordinates coincide with the principuf axes, 1is

of orthotropic behaviour having nine independent constants.
ref.(3.1, P.9).

If the filaments are arranzed in a random fashiion
as illustrated in Fig.(3.2C), then it is reasonable to
consider this transverse plane as an isotropic plane and
the compoaite could be considered as a transversely istropic
composite with five independent elastic constants. This
situation also applies to that occurring when the fibres ere
arranged in a regular hexagonal array. (See Table 3.1 and
Fig.3.2B).

The terms orthotropic or transversely isotropic
mentionsd in thes above discussion, describe specilal symmetry of
materizl whose propertiss vary with direction. The type of
symme try defines the number of independent propertiss reguired
to describe the material,

For any of these geometries, interest 1s centred
on finding the effecti ve elastic coanstants which repressent
the average values of the phase varizbles. In the principal
direction the stiffness matrix of the composite can be con-
sidered as a function of the following parameters,

G5 = £(Eps v, VB sy sV 5V sC) (3.18)

As mentioned in Section (3.2.2), the elastic
conatants that characterize the stiffness matrix Cij of a
unidirectional monolayer are five, The methods used to predict
theee clastic constants mey be divided into,

a) boundary methods utilizing variational vrinciples.

(ref.3.3).



3.2.%) contd.

b) elasticity approaches involving computerized
solutions, (ref.3.4,5).

c) simplified models. (ref.3.6)

While the results based on variational principles zre more
rigorous mathematically, the precision for real composite
is far outwecighed by thz influence of complex processing
variables, (e.g. fibre damage and degradation, non-uniform
curing residual stresses, crécks,.,.etc.). The same obser-
vation applies to the elasticity solutions. Solutions based
on simplified models are correlated with experimental results
and result in relatively simple results of greater applicability.

A review of the theories used to predict the elastic
constants 1s now presented.

i) Prediction of Longitudinal Elastic Modulus (Ep):

The law of mixture given by the following equation
is used as an acceptable approximation for the longitudinal
modulus

E, =V, E,+V, E_ (3.19)
TSAI(3-2) modifies the above expression to

EL = k{Vf Ef + VﬁEm) (3.20)
where k i1s a misalignment factor to account for non-
parallel or non-straight fibres. This factor ranges from
about 0.9 to 1. By this limitation of the factor k the
mocification is therefore not very significant,

EKVALL(3~7) also modifies the law of mixture by

L

using a mechanics of material approach for a lamina con-
sisting of glass roving or strands, taking into account
the triaxial stress coxdition in the matrix due to the

restraint provided by the [ illament materials, this equation

is
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=
1

1
L= Vel VL By
' (3.21)
E = Em

o il—2v;j

Again in the light of variations in experimental behaviour

where

this modification is not so significant, for valuesof Yo
of’ approximately 0.30 a factor of 0.82 is obtained. The
law of mixture (equation 3.19) is generally taken as an

acceptable approximation for the longitudinal modulys

T
G ey T T
) MATRIX "/~ e —e

FIBRE bo—L

rmed

- L Ay

S S CC Y R

FIG.(3.3)

Prediction of Longitudinal Poisson's Ratio (vLT):

The longitudinal Poisson's ratio can be derived from
Fig.(3.3) as

&p = = Vip &

and thz total deformation in the transverse direction

is
A = tVLTE:L = AfT + Am'l‘
= tVfoeL +t VmeSL
. - 3.22)
s vip = Ve ve + Vg (3.22)

Kquation (5.22) is similar *to the law of mixtures for
the Longitudinal modulus given by equation (3.19).

Egaation (3.22) agrees with the assumption of ERVALL
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for laminates of one-filament diameter thickness. It also
agrees with his expression for lamina consisting of glass
roving or strands, ref.(3.7).

Rosen et.al.(3.3,8), find by using the variational
boundary method, that the bounds on VT colncide for a
rendom array of hollow circular filament surrounded by

matrix materials, Their expression is

V.E L, +V E L2V

vV = .:- . (3.23>
LT
f fL3+V I L2
where .
Ly = 2vf(l v, )vf+vh( +vm)vm

o
»
il

/ a
Vf\l-uf-Z!)f )

and

Ls 2(1—vm?)Vf + (l+vm)Vm
For solid fiisments, they cannot obtain the bounds
directly for an hexagonal array because of the more
complicated nature of the problem,

Whitney (3.9) uses a model analogous to that
of Hashin and Rosen, but is much less rigorous mathe-
matically. In the analysis he assumes that the fibres
are circular in cross section and are continuous throuzh
the composite. He also assumes that the fibres are packed
in such a manner as to make the plane of the composite
cross-section isotropic (i.e. random packing). His expression

for the longitudinal Poisson's ratio is

o 2(v, ~vf,(_ v )Ef¥f (5.20)
T m n — 9 "
Lm(l Vf)L + va+(L+&g]uf

where 5, 3
V= ]y, -~ 2V
L £ £

. 3
L =1 = 2vm



3.2.3) contd,
ii) contd.
Using the technigue for cylindrical inclusions

and incorporating the concept of a contiguity factor C,

TSAT{3-2) obtains

(1-C) Kfvf(ZKm+Gm)Vf+Kmvm(ZKf+Gm)Vm

Y T
Kf(ZKm+um) - ;;(Kf ﬁ&m)vm
n .0 (3.25)
. C Kmvm(ZKf+:f)vm+Kf(2Kmruf)vaf
prare Z
Kf(ZLm+Ff) + Gf(Km Kf)Vf
where

£ Ef/2(1~vf) ’

Ky = Em/Z(l—vm)

!

-

Gf': Ef/2(1+vf) ;
Gm = Em/2(l+vm) 3

The value of factor C varies linearly between C = 0 (for
isolated fibres) and C = 1 (for fibres in contact).

It is interesting to note that the low of mixtures
of equation (3.22) for VLT is in a reasomble agreement with
equation (3.25) as will be shown later in this chapter.

Once the longitudinal Poisson's ratio VLT has been

found, the transverse ratio Vpp, can be obtained from

equation (3.15), provided E; and E, are known.

iii) Prediction of Transverse Modulus (ET):

The mechanical interaction between the fibres and
matrix materials becomes moreicomplex when transverse loads
are involved. For example, Rosen et al.(3-3,8), consider
hollow cirvcular filaments surrounded by matrix materials

to represent cylindrical inclusions arranged in either

random or hexagonal array. The problem they considered is
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three dimensional with transverse isotropy for the
hexagonal and random arrays. Tas relationship they derived

for the transverse modulus is given as

B, = 0 %o (3.26)
KT+¢GT

l

where

and KT and GT are the transverse bulk and shearing medulii

respsctively given by the following expressions,

K K,+ K G

V'K +¥ ot m

(3.27)

KT =

where K_,K and G can be found from equation (3.25)

and
X = Kfo+ Kme,
and
(a+ﬁ v )(1+pv 8)~3V v 2ﬁ 2 s
Gp= G (a-V 5‘i+pv ) 5v v 25 3 (3.28)
where
1
¢ zli_EE s PEs o
y—-1
- G
p = B YPe ;o v= L
1 +yBe G

Equation (5.26) is rather formidable. TFor example, the
bound s on\GT require the solution of a system of eight
simultanecous equations representing the boundary conditions
on representative volume elements,

Shaffer (3~10) uses a model consisting of parallel

. - 1 Y 13 ! =W ST 3 47 I~
rods of different aveas and molduli of elasticity, fixed
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iii) contd.
to rigid end plates in order to siamulate the f'ibres
and matix in the composite body. His solution for a
hexagonal array packing which is applicable for a fibre

volume fraction less than 68% is:-

E, = E 1"(1—_%)(0.8247 %-fi) }

1-0.8247 JE (1 -5y
i i

(3.29)

f
where
A, .
_I represents the fibre volume faction Vf.
A

For Vf above 58 per cent equation (3.29) reduces to the

following
E
E, =
T = (3.30)
1 -2 - Ty
A Ef

A simple mechanics of materials approach can be used
by assuming that both fibre and matrix are under the same

transverse stress s giving

Ep = Ef ?m | (3.30a)
Emvf+bF Vm

which is equal to the lower bound of the longitudinal modulus.

Equation (3.302) is not a close approximation for Eqs because

under the action of transverse stress it is not likely that

the constituent materials will experience either the same

tpansverse stress or the same longitudinal Poisson's effect

deformation., The final result is that one of the constitusats

(most likely the matrix) tries to shorten more than the other
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in the longitudinal direction and shearing stresses are

developed on the interface between the two materials.
Ekvall(3-6), uses, for lamina thicknesses of one-

filament diameter and square or rectangular filaments,

the simple mechanics of material approach,but attempts to

eliminate the unegual longitudinal Poisson's daformation,

by applying additional longitudinal stress such that

UHLLAm+UfLAf:

0
This results in a biaxial state of stress, and results
in the following value for transverse modulus:-
[ B )= 3
1 = Vm + Vf - Vf (Efvm/ m) vf] (3.31)
E — - —— et
B £

T B o omN. A
.L': 4
£ [(VEV E)e 1]
Still using the mechanics of materials approach,

but modified for stress concentration effects caused by

the fibres, Ekvall obtains

T2
sin@ 46 (3.52)

A

o (Ef/Em)(1~vm2)+R sin9[1~(Ef/Em)(l—vm2)J

for the transverse aodulus >f 2 lamina of thicknsss one-
filament diameter using round filament. In equation (3.32)
R is the ratio of filamsnt diameter to filament spucing

given by

SN .8 _obv. | e(3-v))

inf:V;) 7 w

-/ .
For glass roving or strands Bkvall{3-7) derives

'
B Be Ea (3.33)

v.l\ - —pry

.....‘? ln N e -
thm +thf(l ! )

to allow [or the {riaxial effect mentioned in sub-section (i)

‘m
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in the prediction of tae longitudinal modulus. E'm is
defined by equation (3.21).
Again using a similar techanique, together with
the contiguity factor interpolation scheme, Tsai(3-2)
derives the relationship

ET = 2[l~vf+(vf-v W | [(l~C) Kf(ka+Gm)mG'(K'~K >Vm
a’m) (2Km+.GH;Y+2(K KV,

2Km+Gf)+G (K_-K )V

- 2(K -Kf,""

+ C Kf(

3.34)
(K +5 (

)

where the various terms arz definsd in eguation (3.25).

iv) Prediction of Longitudinal Shear Modulus (GLT):

Using the mechanics of materials approzach and
assuming equal sheariag stresses on the constituent materials

Exvall(3-6) derives,

(*l
6 = GG (3.35)
VﬁGf+Vme

for a lamina of one filamsnt thickness with sguare or
rectangular cross-section.

For the s ame thickness but with circular section

filaments he derives,

LT R¢G—(1—EO G,

where R is defined in (3.32), and ¢ is a material

parameter given by
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T/ 2

¢U[ sing dg
J (Gm/Gf)+sin9L1—(Gm/Gf)J

Eation (3.36) is also Ekvall's expression for the
shearing modulus of a lauina with glass roving or
strands(3-7).

Rosen et al.(3-3,8) use the variation method to

btai ¥ .
obtain two bounds of GLT

GLT (upper bound)

1

G (Ul Vi+ VQ)
m' G <3.37)

G
m

GLT (Lower bound)
V1m

1l

G-A"V P}

for an hexagonal array of solid filaments. Vi and Vg,

the fractional volume of *the compozite cylinders forming
the hexagonal pattern and the remaining fractional volume
respectively, are given by:i~—

-

243

1~V

V1=

1

Va

and
_ n(1+p?)+(3-5°)
¢ -+ (1-F?)

where

n = °f
G
m
and.

Vi

. . 3 DU 1
If the {ilamcnts are randomly distributed the bounds

will coincide amd be given byi-



15)-*- °

3.2.53) contd,

iv) contd.

_ G (1FV ) + V

"'(‘—5-; T -;»_\7 (3.38)

Wnile Whitney(3-9) predicts the shear modulus by

the following expression

. n L/"
o = (g )r(Cm6 )V TG,

LT (3.39)

N
[(Gf hrm) \ Gf GIH) \rf]

Finally, Tsai(3-2) gives the expression,

sz"(Gf"Gm)Vm

2(}511:((r G (3.40)

(G, +G ) (” G-m)vm
T,

+ G G

for the shearing moiulus, whers the value of C is defined

in equation (3.25).

v) BSzloction of the Aporopriate Theory:

The foregoing theories all suffer the objection
that the mathematical models on which they are based do
not very accurately relate to the observed experimental

behaviour. Possible causes of the disagrecment include,

a) Leminated composites are generally fabricated at
elavatel tsuysratures wuich generate a residual thermal

strain in the resin that probably affects the overall

propertics.

b) The filament spacing along the composite length

is non-uniform and this together with the presence
of vaids tends to cause discrepancies with theory.

c) while the experimental data normally give the surface

pTODGrtiCSJ a typical laminated composite specimen may

be non-uniftorm through its thickness
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v) contd,
d) The behaviour of the bulk resin is probebly different

from that of the resin witnin the lamina;

To account for the above mentioned effects, particularly
f'or transverse and shear loading, Tsai(3-2) has suggested,
utilizing contiguity and misalignment factors which are
derived from extensive experimental data., In addition,
his model assumes a random fibre packing which is very
near to the real fibre arrangement in a composite, while
other investigators assume either hexagonal or square array
packing which need special and difficult techniques for
fabricatioa,

Tsal recognises that at high fibre content fibres
will be contiguous (touching), and not necessarily separated
by matrix as essumed by other investigators. So (Tsai)
incorporates a filament contiguity factor in his theoretical
works especially in the prediction of the transverse and
shear modali,

The problem of filament contiguity canbe resolved
by taking two extreme cases

a) All filaments are isolated (C = 0).

b) All filaments are contiguous (C = 1).
The actual packing of the filament is represented by a linear
combination of the two extreme cases.

After assessing the merits of the various theoreticsl
models described above and their correlation with experimental
results, it was decided to use the zquations given below to
predict the properties of the laminates used in this investigation,
nanufactured from unidirectionai loyers

These lamiualbes wel'©

using a cold curing pressure mould with variable fibre voluue
oA b, SR

fraction.
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a) E;swill be predicted by equation (3.19) (Low of mixture)

VipsWill be predicted by hoth equation (3.22) (Low of
mixture) and equation (3.25) (Tsai apyroach).

c) E,, will be predicted by equation (3.34) (Tsai approach)

d) Gppowill be predicted by equation (3.40) (Tsai approach)

e) Vi, will be predicted by equation (3.15).

3.2.0) Stress-Strain Relationship For a Unidirectional Laver
Referred to Arbitrury Axes:

!

4

o‘; E% I ’ 5

Y

~—cyr

——
-
Y

FIGIRE (3.4)

Consider a unidirectional layer subjected to
in plane stresses oy and Oy acting at a and (90—a)
respectively to the principul material direction L, as
shown in Fig.(3.4). The properties in the 1-2 directions
in terms of those in the L-T directions can be determined

by transformation of stresses and strains. These quantities

. 4- s I A Fop R - Preys .
tpansform according to the second order tensor transformaticn,

T (3.41)

Tij ™ %k 2je Txe

. - E \ X 3T
for the two dimensional case shown in Fig.(3.4) the table

of* pextinecut direction cosines 1is
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; 1 2
244 = CO3Q aip = sina
Qo4 =-Sina dog = CO3Q
TABIE (3.2)

Then the stresses on 1-2 axes can be transformed to the

principle I~T axes by

Orp = [T] | (3.42)

LTLTJ [T”J

and the s trains by

o ]
I
|

|
& = [T] |ez (3.43)

S L
§’LTJ 2y12J
where
2 .. 3 .
{cos a . sin“a 2sinacosa
T = .. 3 2 .
sin®q cos®a -2sinacosa (3ahdy)

L—sinaoosa sinacosa cos®a-sina
The angle a is positive in the case where the load axes 1-2
are rotated clockwise with respect to the principal axes L-T,
as shown in Fig.(3.4).

When tensorial rather than engineering strain

elements are used, gquation (5.6) can be written,

o, | [011 Cia 0 [SL }

Cis Caa 0 . (3.45)
op | = | l

lo 0 2Ces| |,
[TLT ] | [P

The unknown transformed stiffness matrix [C] for the same

tensorial fow is given by
rO':A_ Cqa C.‘l.2 2016 rE:L

.

03 |7 Eia Caa 2036 Eq (5~46)

36

——— RE
lcis [ Tl |2Y13

- - -
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substitubing equations (3.42) and (3.43) in equation (3.45)

yields,

o1 &1
(r] 1 = [c] [7]

]
I
|
Ta2 L%yin
or
{01 ] [e1
|oz | = [TT*[c] [T]
:_T:,a B
A comparison of equation (3.46)and (3.47) shows that

€1 = [zT*[c] [T] (3.48)

Perforring the above matrix multiplication yields the

€2 ‘ (3.47)

following,

Cypq= Ciscosta + 2(Cip+2Cee)5in®cos®a + Cossina

Ciz= (Cil+C22-4C56)sinzcosaa + Cig(sin*a+cos?a)

Cie= (C11-C13-2Cgs)sinacos®a + (C12-C32+2Cg6)sin®acosa

Caz= Ciisin4a+2(013+9C66)sin2acos2a + Cagcos®a (3.49)

Cae= (C44~C12-2Cge)sin’acosa + (C43-C22+2Cs6) sinacos®a

Ceo= (Cii+022—2C12—2066)sin?acosza+066(sin4a+0034a)
Thus the stress-strain relationship for a unidirectional layer
referred to arbitrary axes 1-2 is given by equation (3.46),
where the stiffness elements are defined by equations (5.48)

o (5.49). Values of Cij are given by equation (3.16)°
The transformed stress anl strain equations could

be obtained by expanding the inverse of equations (3.42) and

(5.45) to obtain the values,

}..J
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— 2 .
O3 “O—L cos"a + O S'LP?'a - o7

T o LT S1Nng co3q
Og =0q Sll’l a + O— Cooz — .
L 7 cosTa + 2'LT sina cosa (3.50)
T12=0: sinacosq - sin 3 2 i3
L O acosq +TLT(oos e-sin® @)

for transformed stresses, and
€1 = € cos®q + &p sin®q - %o sinacosa
€2 =& sin®q + € cos®q + Yip Sinacosa (3.51)
Yia= 2€Lsinacosa +28Tsinacosa +yLT(coszo:-sin2a)
for transformed strains. The transformed stress-strain
relationship can be expressed by the following. (See
ref 31 ):-
Oy = 611 €1 + -612 €3 + Eie Yia
Oz = Cip &1 + Caz &3 + Cap Yiz (3.52)
T13= 616 €4 + -625 € + Ese Y12

In these expressions

/

v
626 = EJA&. @-1 - )\_12(}19 Ap + <‘E‘i‘a'+ /\x.i)\{an_z\/ )\.1:1

3

- a2G + )&1)\9(}12>
A=(%j—)\1 G:.a)@g A2 12> (

S I“LI‘CJ.[ f\l
1Cs8C i

axes by the following.

e
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Lo Cosd‘_c_r‘ 2u 4
E, £ * g~ _LT) sin®q cos?q + 22

L LT EL E’l‘
1 sind g 1
= = = 1 2v
Eg E; + <GLT - LT> sin®a cosq + -C-O%—a

E
L T al
1 cos?2q +v 1
T o=y LT U1, sin?
iz GLT <?E + = TI> sin®2q (3.53)
L T
Vi3 _ Vay _ V 1 /l+v_, 1+v
R, R E~2 - <% LT + TL - % > sin®2¢
I, EL ET LT
Moz 2 2
_ _ |sin®g cos” 1

Ap = & - EL + 3 (% -2 ELE) cos2a| sinla

T LT E

L
A = - (cosa Sln a
2 = ET - - - T 2 LT> 2a ] sin2a
Strength.

It is necessary to know the strength properties of the
unidirectional monolayer, in order to understand its effect on
the strength characteristics of the multidirectionally oriented
laminated composite. Tne applications of any of the available
fajlure criteria for the nultidirectionally oriented composite
subjected to a general state of stress requires the principal

stress (or strain) levels of the monolayer to be known.

Since the unidirectional layer is a composition of parallel

glass fibres imbedded in a resin matrix, the matrix has an important

effect on the strength of the composite. In addition, the elastic

properties of the resin natrix are different in tension and

i g the fibre-resin system iz
compressilon and the fructure mode of % 3

i i ' ressi v e, the monolaye
different in tension ani compresslon, therefore, onolayer

iteell will exhibit gifferent principul strengths in tension
»~ ot

nd compression The se principal s trengths are the longitudina
and compresc.. . < kS

4 transverse Lens ion and compres ssion, and the longitudinail shear.
ar ransvers

iastin propertics ~incipal strengths cann
Urdlike the elastic pIOR@Itlbu, princip 3 gths cannot
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contd.

be accurately predicted from theoreticel models, witn the

possible exception of the longitudinal tensile strength which

can be predicted within limits acceptable for normal design

o
[~

purposes. The rest can only be predicted by semi-empirical n
expressions. The material parameters which affect the five
principle s trengths of a unidirectional monolayer are:-
a) TFibre strength characteristics. 1
b) TFibre modulus.
¢) Matrix stress-strain characteristics under
direct and shear loading.
d) Fibre and void volume fraction.
The manner in which the pz'incipn\ strengths vary with these

parameters will be presented later.

3,3,1) Theories of Material Design.

In order to design a material of the nature of

anisotropic G.R.P. it is necessary to know how the elastic

. . _ - R ‘0 the
and strength propertizs are affected by variations 1n

amount and arrangement of the constituent materialse

Two methods often used by analyzing the material
properties of GRP composites are:-

(i) Netting Analysis:

This method of analysis assumes that the resin
L 5 L

atrix has no load carxying ability and serves only to
m ‘12 .

e O (:" 1E i res i n _‘)O.)j, 1011, lt assu as l at
I t Ao f X o f b 3 a t

only the fibres bear load.

Nal - . . . 3 Allralte
i e method of analysis 15 1nacc
1n practice, this met

. e 1 N e L o s ,Aa‘.
the ad imstoent of enxpulcal factors does not lead
and cven : Jus
. e ite mad
t osultc. The maln ob jection to this ne thod
.41 s tac vy resu .
to satisfactor.

i : : k hieved in the
i strength cvaluation can ouly be achie
is that strelo
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(i) contd.

(i)

dl‘IeCtj on of til ‘3 es the £
v - L e f b ' I = T t i & 3 1 i
10y and N0t 1n any o ner direc 100,

Bishop(3-11) modifies this method to extend its ability

to predict the directional propertics of fibre reinforced

composite. A detailed explanation of his theory can be
found in ref.(3-11) 2nd the final mathematical model is
also presented in the same reference.

Continuum Analysis:

This method of analysis assumes the resin matrix
inf'luences the mechanical properties of the composite,
by considsring that th: stiffness and strength of the
resin matrix has a significant effect on the overall
propertizs of the composite. Tne characterization of GRP
composites will be achieved by the ald of this theory

throughout this thesis.

Strencth of Unidirectional Monolayer.

(1)

Tensile Strength: (Longitudinal).

Since the strengta of continuous fibre composites
depend on the failure stress and strain of all the fibres
making up the composite, the determination of strength must

consider possible statistical effects. Such an expression,

devel oped by Rosen(3-12), for the prediction of longitudinal

th of a unidirectional monolayer 1s

V..(apse)” L/ p (3.54)

tensile streng

| Fr(e) © )

) . 3 arn
where Vo is tie fibre volume fraction, a ami B are
nera f.n i

e 1 "y = . J_q«.ﬁ,‘.:f,.:.. 1" Of the filaments
constants defining the "Link strength ,

.. the ineffective fibre length, and e the base of natural
5 13 1C piG , L.

1ogarithmso

| 4- it ena
5 Ak «is characuverlizes
Roscn's analysis characyd

}.._l
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(i) contd,

of the monolayer in terms of the statistical strength

cha St e )
racteristics in the resin matrix around the broken

ends of Tibres and is based on the fact that the strength
of bare fibres variss inversely with their length because
of the random existance of flows on the surface of the
filaments.

Statistical e fects are not, however, too sig~

nificant in well aligned G.R.P. composits and the rule o

L)

mixture is sufficiently accurate for most pursoses. The
value for longitudinal strength given by the rule of mixture
(ref.3-13) is:-

FL(t) =0, Vo + oi(l—Vf) (3.55)
where o; is the fibre breaking s trength, o; is the stress
carried by the matrix when the composite is stressed to its
ultimate tensile stress.

Equation (3.55) is not valid at smgll fibre svtrains,
or where there ars substantial differences in the Poisson's
ratio of the constituents.

(ii) Compressive Strength: (Longitudinal).

Many researchers have Jemonstrated the high com-

i chieved by unidirectional
pressive strength that can be achiev y

fibre composites under uniaxial loading (see ref . 3-14). It

is suggested thatthe mode of failure is a micro-buckling

f the fibres in 2 fashion analogous to the buckling of a
o

column on an elastic foundations

Analyu;? of this instability mods ave shown in

The analysis assumes a la ered two
o ([ and (3_15). The anal) y
refs.(j—lh> an

i - . i WG 1 lAl'_, b es arc cOna jd‘ ST ]
. j3 § be) 11 11 (I' uil in . L > ‘ ] T
d_l”l() 0 a mne

o

-
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(i1)

contd,
buckle i inus oi ’
© 1u a sinusoidal pattern. When the adjacent fiores
buckle °
uckle 180° out of phase, the overall strain of the
matrix

6 ma R _— ..

the major strain of the matrix is SHEAR STRAIN. These
1, ~ ) k)

two modes are denoted as the extensional and shzar modes

respectively. Sze Fig.(3.5).

(A) Shear Mode (B) Extensional Mode
FIGURE (3.5)

The compressive strength expression for the shear

mode is given by the following

“n (3.56)

1 »Vf

FL(c) =

and the associated strain is given by

®(er) 'V}Tl'ﬁ?) (.E(ire) (3.57)

f

The expression for the extensional mode isi-
1

a 2
2808 Ve ] (5.58)

FL(C) = Vp tgzl *Vf)~

1 strain of the composite

and the critica

15 EXTENTILONAL STRATN, but when they buckle in phase,

4
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(ii) contd.

®ler) T _2Vf 15 m‘ﬁ
NN =] @;) (3.59)

Fige(5.6) shous a graphical representation of equations(3.56) =
and (3.58) for GRP as a function of fibre volume fraction.
The figure snons that the extensional mode only governs
the behaviour of a composite for smell fibre volume
fractions not exceeding 20%.

The failure strains defined by equations (3.57),
(3.59) are plotted in Fig.(3.7) which shows that for many
composites ths calculated failure strain levels exceed the
proportional linit strain of the matrix. For strains in
excess of the proportional limit, the matrix may be treated
as an elastic-perfectly-plastic material and the secant
modulus used to define the matrix stiffness. For the more
dominant shear mode, the following expression can be used

in the plastic range to replace the elastic equation (3.56)

-

S r (3.60)

FL(C> t?(i:ﬁi)

where o is the metrix yield stress level. A plot of
'y

equation (3.60) is shown in Fig.3.6 labelled "inelustic".

Boit(3-16) treats the internal instability of a

h the following result:-
)

vV 2
- o Tm } (3.61)

F -
L(c) (1"‘Vf) £ |
2 Il(V -Vf) .
+n~+ m i

1
[ 2VmVf J

layered medium wit

G
whe re n = _(_}_I_I_l
f

wlus ratio is large n approaches

" U 3
when the fibre/matrix mo
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contd,

2610 and eoysts
ro and equstion (5'61) reduces to equation (5.56).

The results of these studies, including the elastic—
plastic matrix, is summarized in Fig.(3.8), which shows a
plot of the compressive strength of the composite (at a
constant fibre volume fraction) as a function of the matrix
elastic modulus, In the elastic range, the dominant para-
neter is matrix elastic modulus, but for the inelastic
range, there are strength cut-offs which depend on both

fibre modylus and matrix strength.  For example, the com-

pressive strength of a GRP composite cannot be improved by

increasing the matrix modulus unless tne matrix strenzth
is increased., For higher modulus fibres such as boron or
carbon fivures in an epoxy matrix, improvement in composite
strength cannot be achieved by increasing matrix strength
until the mat:ix stiffness is also increased,

The details presented in Fig.(3.8) show that the
nature of changes made in the matrix propertics to improvs

the compressive strength of the composite of a certain type

i§iv

of fibre depends upon the base of reference. In some cases
performance 1is linited by a matrix yield stress at a given

fibre modulus, whereas for other cases a gain in compressive

strensth could be achieved by improving the matrix modulus.

] uide for reasonable changes
This approzch could be used as a g s

in matrix properties to yield improved composite strength.

The predictlion of longitudinal comprassivs strength

) coeded the observed experimental results,
has always greatly egxceeded

o the folloving reasons presented in
fhis miy be due to the follovlng

relo(3-17)

i eedd onal arrangement in the baste
) Imperfoct unidirectional arrangen o be
a aperiv

] nieh leads to lateral eccentricitiscs io the
mornoliyas, #@inken &

fibron,
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(ii) contd,

(iii)

b Late n ] 2 . R ) .
) ral displacement of fibres along their lengths

due to the moveme

N

nt of matrix during curing, and the
direc ; A L
rect effect of the laminating cure pressure. 21

c) Periodic lateral deformation in the filaments caused
by thermal residual stresses generated by cool-down
from th: laminating temperature level.

d) The presence of voids in the matrix phase which
decrease the matrix shear stiffness and lowers the
effective filament-to-matrix bond strenzth.

Experimentally compressive strengths are from

50%-25% of theoretically predicted values, and observed

failure mode are due to fibre instability and/or crack

exteasion failure (see ref,3-18).

Transverse Tension And Compressive Strenszths:

Prediction of these two strengths is complicated
becsuse they are sensitive to inclusions of voids and
foreign matter leading to complex failure modes. To date
there is no exact anzlytical model that can be trusted to
predict these strength altaough Dow & Rose(3~19) and
Shu & Rosen(3-20) have studied this proolem using plastic

1imit analysis of plasticity in order to predict upper

and lower bounds of strsngta. Unfortunately the gap

between these two bounds is too wide to lead to results

of practical use.

i 21) has weluded from his experimental
Hashin(3-21) has con

5 h properties of the matrix
observations thut the strength prop 1

. i . :
jominant pavameter in assessing the transverse strength
arc a domlni arae

: i T Ja also concluded that the
ot the unidirectlonai layer. He 5

{ th of fibre reinforced material with «biff
srength O :

{Lransverass s
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(iii) .

(iv)

59.

contd,
fibres is of e or
S 15 of the order of nagnitude of matrix strength.

A similar gr ach he .
PPTO&Ch has been used by Dimaock & Abrahams (3-22)

and (3-23),

w
[.. J

Interlaninar Strensth:

Interlaminar failure is a phenomenon peculiar to

relnforced platics, Tais occurs because the fibre-resin

adhesion and matrix shesr strength in such material are

sually much lower than in metallic composite.

The interlaminar planes that exist in fibre-
reinforced plastics between laninations of mats or layers
of filament wound tape or roving are in fact weak planes
in the material, Failure of fibre reinforced plates or
beams sub jected to flex ural load often occurs by inter-
laminar shear failure due to high interlaminar stresses
created at the beam neutral axis. In fact, beams with low
span/depth ratios are often used as a test method to deter-
mine the interlaninar shear strength, since the shear stresses
at the neutral axis exceed thc interlaminar shear strength
before the outer fibre stresses exceed the tensile or com-
pressive strength of the material.

Intsrlaminar planes are essentially resin-rich
boundaries between laminates and are often subjected to
the accumulation of volds that have serious effects on the
interlaminar strength.

The interlaminar chear strength is influenced mainly

ot trix-fibre interface
o vy strength, the matri
by the resiln motrix S g4y

i 4t may be present in the inter-
strencth, and any voids that may be pr £
L0 My

Jaminar arcasde

11 beplaminar shear strength is considered to be
1 lU-]- PR A e 1 ~



B UNEE—

el s

60.

3.3.2) contd,

(iv)

contd,

the itic . . .
most critical parameter in fibre reinforced composites,

as 1t is often a mode of failure for plates or beams sub-

Jected to flexural loading and also appears to be a common

mode of failure in axial compression, Because of this the

. . . } .
topic of lnterlaminar shear has received considerable

attention from researchers,

Interlaminar shear strength is difficult to deter-
mine accurately and there is much disagfeement as to the
best means of measurement. It is often measured by a short
beam- three point bending test, because of the ease and
cheapness of thié test method. But a suitable span/dep th

ratio of the specimen should be chosen to achieve a pure

shear failure as will be discussed in detail later in this

chapter,

(v) Flexural Strencth:

The flexural strength of unidirectional laminates
always exceed the-compressive strength of the material
and normally has a value approaching the tensile strength.
The reason why flexural strength exceeds the uniaxial com—
pressive strength, is given by a theory that has been applied
to wood, which shows similar behaviour. The stress gradient
in bending compression allows only a few extreme fibres to
be streSsed‘ﬁighly, whilst the inner, lowly stressed fibres,
restrain the highly stressed outer fibres from the premature
and massive buckling that occur in direct compression. Thus
the flexural stresses can increase to a value approaching
the tensile strength before flexural failure occurs,

In measuring flexural strength, rectangular beam

y ading
specimens are normzlly tested under three point loading
ope Gl

g
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5.3.2)  contd,
" _ (V) contd.

N ' and the strength calcwlated from the simple bending theory,

& Because of the general planar anisotropy, longitudinal
deflection will be accompanieg by transverse deflection

- and warping of the beam, which become critical if the

% width /depth ratio is high., 1In addition, the loading system

Will introduce torques, Secondary bending moment and shear

forces, which interact with the primary bend ing moment, As

e Il

o g g g

& result, the  simple bending theory may not give the

flexural strength Very precisely. To achieve better agree-

g g Rt

ment with theory the beanm should be symmetric with respect

to the vertical longitudinal middle plane,

D g g

Hashin(3-24) concludes that the equation of isotropic

beam theory can be adopted when the maters

e g

al is orthotropic

through the thickness and is reasonably accurate for the

i g

general anisotropic case provided the span/ﬁepth ratio for

a three point loaded beam is greater than 20. Even for the

I
¥
i
.
i

orthotropiccase it is better to maintain the span/depth
ratio above this limit to compensate for any local anistropic

effect.

In conclusion it may be stated that the actual mode

of failure depends on the relative magnitude of tensile, com-

pressive and interlaminar shear strengths, width/depth ratio,
span/depth ratio, and loading condition,
Further discussion on the effect of material aniso-

tropy can be found later in this chapter,

3.3.3) Theorics of Failure:

In spite of considerable rescarch effort in the

. ‘ o ERP <] I
field of fibre reinforced composites, a completely satisfactory
ield ~ AL L
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contd,

theory of failure ig still lacking, since the factors that

control fracture gt the micro-mechanical level are very
complex,

A number of failure criteris have been suggested
which can be convenienfly divided into two groups ref.(5—é5).
Those in the first group are based on extensions of isotropic
theories ang require only the use of two or three principle
strengths and the interlaminar shear strength. Those in the
second group require additional data from the results of
complex strength tests., A statement of these failure criteria
is given b elow:-

GROUP ONE:
Maximum Stress (Stowell & Iu);

U=f, 5 op = P35 Tgp =8 (3.62)

Maximum Strain

O’L :FL+ VLTO’T ; o’T:FT+vLT (ET/EL) O—L
| | (3.63)
TLT =3
Hill
3 2 - 3
°L "r-l'a**’l'z-lg _— + Tl =1
L - J T
(3.61)
Norris interaction
2 2 2 _
"L} T ] R Rl (3.65)
T F. S
Pl o
Azzi and Tsai
3 2 2
% - %% s %] 4 [Tu] =2 (3.66)
) = 5
Fp T, Fpl [ 8]
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Norris failure

r 2 P ’ (3‘67)
F&} =1 ; {-f_l‘ =1 ‘
FLJ ]_FT
GROUP TWO:
Hoffman
2 2
cyL cyLC’T ¢ O

- F ] |
e FL(C) L(t) { o

L)) T e)re)  [Fuo) Fu(e)
+ I.FTgc}"FTgt} ] op * r___;_} (3.68)
[Fmo) () | [ 5
Modified Marin (Franklin).
o Keopop o + [L(c) FLit) } o
L) Fre)frn) Fie) Fice)
(3.69)

, | . FT{C}—FTth‘J o 4 (TLTJ 1
Foge) Fpe) | T L 8

Gol'denblat and Kopnov.
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contd,

Tsai and Wu

1 1

oo, TF T 1 1 - o 2
F F oLt T, T | opt L
L(t) L(c) T(t) Fpieyl T SR
2 . 2
i * Aagopep + 1D =1 (3.71)
NN LT T 2= .
T(t) T(c)

where Kz and Hj, are constants in failurs theories,

The maximum stress theory is recommended for filamentary
composites and has been applied to metallic composites ref.(3-26).

The maximum strain theory has been applied to beron-
epoxy and boron-glass~epoxy composites.

The distortional~energy criterion was first applied
by Norris(3-27) and then developed by Tsai(3-28).

Hoffman(3-29), extended Tsai's analysis taking into
account the differing strengths in tension and compression
(Bauschinger effect).

Ashkenazi(}—EO) developed an "interaction formula"
but doss not consider the s trength in pure shear as a basic
material property and applies his. results to materials such
as plywood. Marin(3-31) also developed a failure criteria for
anisotropic materials but it is a special case of Hill's theory
written in terms of the principél stresses. The main difference
is that, while Hill employed the yield stress in shear with
respect to the principai axes of anisotropy, Marin used the
r measured with a material element oriented

yield stress in shea

at 45 degrees to the principal axes of anisotropy. Marin also

adopted the transforma tion properties to the theory to permit

eralization of the analysis for a material sub jected to
a gen liz

p B a'n
combined stresses at any orient tion.
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Tsal and Wu(3-32) nave developed their failure

eriterion for application to anisotropic matsrials, taking

~account of the difference in strength for positive and

negatvive stressesdifferent material symmetries, multi-

dimensional space, and multi-axial stresses,

For GRP application, the modified plans stress
distortional energy criterion by Tsai (equation 3.66) is generally
accepted as the best failure criterion, ref.(3.33). This
criterion remains gplicable when the material prépérties are
different in tension and compression provided that the allowable

stresses and FT are modifiied according to the sign of

T
)

o and O« The four possibilities are given in Table (3.3).

Stress
Quadrant OL qr FL FT
1 + + Tension Tension
2 - + Compression Tension
3 - - Compression  Compression
L + - Tension Compression
TABLE (3.3)

This theory is applicable to laminated as well as

unidirectional fibrous composites, employing simple @abarial

1

properties derived froam unidirectional specimens alone. This
permits the theory to be applied to any combination of uni-
directional layers. This theory is general and can be usel
to find ultimate strength and strain in any direction for any
given orientation of fibre and any number of layers.
This criterion has been adopted in this thesis as

. cminated o 1t
the failure criterion for GRP laminated composits.
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Strength of Quasi-Homogeneous Anisotropic Lavers:

In erder to deteruine the strength of laminated

multidirectional anisotropic composite materials, the

evaluation must be baseqd on a reliable msthod of analysis

of the strength of unidirectional or quasi~homogeneous coiposites,

The theory starts by considering a material whose
anisotropy possesses three mutually orthogonal planes of
anisctropy and then finds the function of combined stress
components acting on that anisotrooic medium that causes
failure.

Hill(3-34) generalized the von-Mises isotropic

yield criterion by introduciang paramet:srs of anisotropy to
describe anisotropic materials. The yield criterion was
assumed to be quadratic in the stress components and took the

following fora

o N _-\2 2 - P
2f(oij)— F(OT ov) + G(GVFOL) + H(GL o&)
L 72 M2+ N1 =1 (3.72)
U T T Ty 7L = .

where ¥,G,H,L,M,N, are material coefficients characteristics
of the state of anisotropy, and L,T,V are the axes of anis-

tropic symmetry.

The failure criteria takes this form only when the
axes of symmetry coincide with prinéiple axes, otherwise,
the stress components should be transformed.

Since the materials of interest are thin if com-

i hei 4 imens the only non-zero stress
pared with their lateral dimensions, Tt N

e and a state of plain stress
components are o, O and Tipe

. Is Y
is assumed to exist (Ses section 3.2.1).

For transversely isotroplc, quasi-nomogeneous

. 4 a- Al e gg "l
: inei rensths Fooand F. are of equa
materials, the pr1n0¢ple streng T v

. P A he failu i ion be come:
Hll].é':’flit'lld ] (Se@ SeCthH ale ) and the f'a re criterio
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TN 1 NG
(/._L.> - CTLUT> + {i’) o (MY -1 (3.73)
VL Y/ KFL S

where F’l‘ is the principle strength in the direction of the

fibre, FT is the principle strength in the direction trans-

verse to the fibres, and S is the shearing strength on the
plane of anisotropic symme try ,

If the externally applied stresses follow axes
of symmetry different from that of the material, then ths
yield condition in equation (3.73) will not be applicable
until the off-axis stress component has been transformed to
the material axes of symmetry.

By putting m = cosa ; n = sing ; 0g = Ti2 in

equation (3.44) and substituting in equation (3.42):-

OL r n? n® 2mn r oy
O_T = ' nz m2 ~2mn O3 ( 5 ° 7"+)
’_TLT_t { -mn  mn  me-n® 0% J

Tsai(3-35) introduces the following stress ratios

for convenient use in the analysis:-

. S . g= 128 - s
P 5 ’ O3 01 (3.75)
F
r = FL ; s= L
i S
T

Thus employing the notation of equation (3.75) and intro-

ducing equation (5_74), the failure criterion becomes
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[1 ~ p+p*r® 4g?s? ]m“’ + 2q [3—p-2pr2+(p~l)sa]m'sn
+ [8q2+2(p+2q?)r2+(p—l)2(sz--l)-2qgsgjlm2n2

' zq[ﬁ) -1- 2 - (p~1)82}m3

(3.76)
+ [p2-p+r2+q2 2 Jn‘z
2
2 3
@ -6
(OF} Oy, o1
The above discussion may be summarized as follows:
For a given anisotropic body characterized by FL ,FT (or r)

and § (or s) in reference coordinates 1-2, with a given
orientation of the material axes of symmetry o and subjected
to combined stress oy,03 (or p), amd 143 (or q), the magnitude
of the applied stresses at failure can be determined by
solving equations (3.76) for oi. Alternatively, equation
(3.76) may be regarded as the strength of a quasi-homogeneous
anisotropic material subjected to combined stresses as a
function of the orientation of the symmetry axes a. This
analysis has been shown to agree well with experimental
results for glass fibre reinforced epoxy resin yef.(3-36).
Equation (3.76) may be regarded as the transformation equation
for the strength of a quasi-homogeneous anisotropic material
subjected to combined stresses; i.e. giving the strength
characteristics as a function of the orientation of the
symmetry axes,a.

a) For uniaxial stress, P = q = 0 and the failure condition

is 2

mt + (s*-1)ufn?+ Pnt= <%ﬁ/0%>

4

o1 = FH/[m4+(sgul)m?n?+r?an§ (3.76a)
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b) The case fop pure shear can be derived by letting
01=02 =0 in equation (3.74), and then by substituting
into equation (3.73), (equation 3.76 cannot be used

directly for this case since 0y is equal to zero.) one

obtains

Amznz(r2+2)/[sz+(m2—n2)2] = (S/oé‘)z (3.76b)

or

0= 8/[4a? (r242) [324(n 1n®)? ]2

Strength of Laminated Systems:

In this section the laminated theory of strength
developed by Tsai(3-28) will be discussed.

This theory depends on the assumption that the
strength of a laminated composite depsnds on the thermo-
mechanical properties of the lamination, which includes the
thickness and orientation of each layer, the stacking sequence,
the oriented ply ratio, the lamination temperature, helical
angle, «.o. etc. In the laminating process, two interaction
sources are introduced.

Firstly, there is a mechanical interaction created
by the transverse non-homogenity of the laminated composite.
As a result, non-uniform stress will be distributed across
the composite according to the relative stiffness of the
lamina ved layers. A further mechanical interaction is in-
troduced by the anisotropy of the constituent layers in the

cross—coupling represented by the "16" and "26" components

of the stiffness matrix Cije

Secondly, a thermal interaction can be developed

o 341 ther e: ion r contraction
dua to the diffeerential thermal expansio (o J

t t ; oY ols T —t - =) 'l R 3 :
: ~+ P ers 13 oC e COmpOD‘J @ is
DeTW een CcOllS 'tl ueno .]J.l‘)/ Qe *Urs ]j 1 E ) .
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ami ‘94__‘ 0.
laminated gt vemperatures elevated relative to the service

temperature of the laminated unit, This. tends to create

initial stresses in the composite,

The theory also considers that both mechanical
and thermal interactions will not affect the linearity
of the composite stress-strain relationship. Any discontinuties
in the slope of the stress-strain relationship come from the
failure of the constituent layers during the progress of
loading and the ultimate strength of the composite is reached
when all the constituent layers have failed.

In the analysis, it is assumed that each constituent
layer of the laminated composite is quasi~homogeneous and
orthotropic and is in a state of plane stress. The three
dimensional generalized Hooke's law for any constituent layer
iss-

g =8, .0 +a T (3.77)
1,5 =1,2,0..,6
This equation shows that the total strain is the sum of

gechanical strain (first term) and thermal strain (second

term).

Inversion of egquation (3.77) gives:-

(&.

1

O. =¢C - E‘-) (3.78)

i ij
Integrating equation (5.78) across the thickness of the

laminated composite yields the following (see ref.3-35).

=1

N = = A5 65+ By X, (5.79)
Ni = Ni + Ni Aij aJ + 13%;
M T, ° 4D, .X. (3.80)
Mi = Mi + Mi = Bij Ej + iJXJ
where hya e
1,z)dz .8
(VM) :/ o, (1,2)

-h/a




71.

3.3.5) contd,

- - h;a
and (Ni,ME) :/~ s 50 T (1,2)dz (3.83)
~hy g
- hyg
and (Aij’Bij’Dij) = /'ﬂcij(l,z,zz)dz (3.83)
~h; 4

. i

E¢ i : |
cuations (3.79) and (3.80) are the basic i
constituti at £
onstitutive equations for a laminated anisotropic composite
E
~‘ 3 . o
taking into account equivalent thermal loadings. These

equations can be presented in a matrix form by:-
{Mz [A B| EO (3.8
ST I )

The inverted form of equation (3.84).

e® Al B'} N

X IR DQJ M (3°85>

=

The final form of the stress component of the kth layer

is given by:-
K _ oK " ' "\ T
oii = Cij ‘(Ajk +szk)Nk +(Bij+szk)Mk—=cxf].K)T} (3.86)

Equation (3.86) is the most general expression for stresses

as a function of stress resulstant, moments and temperature
A complete derivation of this equation can be found in

ref.(3-28).

3.4) Effect of Voids on Mechanical Propertiss:

One of the important fabrication induced variables

which has pronounced effect on the performance of structural

reinforced composites and which needs to be considered in the

design of composite materials is the problem of voids.

Although the void content of filamentary composites

ain degree, the complete elimination

is controllable to a cert
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of voids in practicel full-scals structures employing composite

materials does not appear to be feasible at present time, . |

Consequently, if composites are to be successfully employed

as structural meterials, an insight on the effect of voids
on structural performance is desirable,

Among the composite properties which are strongly
influenced by voids are interlaminar shear strength, com-

pressive strength, fatigue life, and, to a lesser degree, the

moduli of elasticity.

3.4.1) Effect of Voids on Elastic Properties:

Greszczuk(3-61) states that the matrix modulus

(B ) is reduced by the presence of voids to Em,where:-
m
-

=l - _;‘_’_:___” (v-1)

- Vf,

1

and

Vo = (1-V )V, (v-2)

and V_ is the voids volume fraction, ;
v .

From equations (V-1) and (V-2) it can be seen that i
all the elastic constants will be affected by the presence
of voids because they are functions of the fibre volume

fraction and/or the matrix modulus. This issue will be

. . 1 3 ~
considered further in the discussion of the experimental

results.

. ressi trength:
3.,4.2) Effect of Voids on Compressive Streng:

. Lol - S ©
Since the compressive strength is a function of

; of atrix (G ) and the fibre volume
the shear modulus of the ma (fm)

: e e se quantites are reduce
fraction (Vf), and since both these guantites are r d
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y the presence of voids o G, and Vf, their compressive
strength will be significantly affected by the presence of

voids. Due to the presence of voids equation (3.56) becomes;-

[
I(e) = 2 (v=3)
l—Vf
where.
- E
Gy = (L)
2(+ V)

The value of Eé can be obtained from equation (V-1).

Effcct of Voids on Interlaminar Shear Strength:

In Ref(3-61) the effect of voids on the inter-
laminar shear strength is investigated by considering two
cases, The Tfirst case, considers the voids to be spherical
in shape and arranged in a cubic array. The average applied

shearing stress which causes failure is given by:-
2
3

(V-5)

max

| T 6V
T = l—"‘( V___
b\~
1~ V
(1- 7))
where T represents the shear strength of a void-free
max
composite, and the ratio t/rmax represents the interlaminar
shear strength reduction of a composite resulting from ths
presence of voids.

The second case, considers the voids to be cylindrical

and arranged in a rectangular array. In this case the shear

strength is:-

l_n.

b s
W YV V=6
T = l:l - L J Tm&X ( )
T (1"Vf) ’
Again the term in brackebs represents the reduction

“ . o . )
:n interlaminar shear strength resulting from the presence of
in - ] . g

voldS.
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3.,5) Determination of Strensth And Stiffness of Multidirectional
Laminated Systems.

|1

N

Rﬁ
|
|

Qe
.

N
Q

o

FIGIRE (3.9)

The term multidirectional laminated system in this
thesis is used to define a composite in which the constituent
lamina are stacked in three directions. This three directional
system which is generated from a combination of unidirecticnal
i

laminates oriented at 0, +a, and -a relative to the l-stress direction

with a symmetrical arrangement about the middle plane of the

composite body, (Fig.3.9).

The reason for adopting this multidirectional system

in the design of GRP composites for structural use is to take

the advantage of the anisotropic behaviour of the unidirectional

monolayers to achieve an optimum strength-stiffness performance

under any desired stressing system applied to the laminated

composite,




5.

3.5.1) Basic Assumptions And Main Equations:

The basic and most general equation that can be

u e 4 A9 3 S -
sed Vo predict the stress components of laminated composites

is equation (3.86). Some simplifications of equation (3.86)

h

ave been effected to correspoud to the boundary conditions i
arising from the type of fabrication and fibre arrangement
of the composite used in this project, are discussed below.
a) Since the moulding technique adopted in this project

is by means of a cold set pressure mould, then the

problem of the residual thermal stresses will be nearly

eliminated because of the absence of elevated temperature

during the curing period or the laminating process.

b) In order to have enough time to release air bubbles from
the interlaminar planss during mculding, the amount of
catalyst added in the resin was kept to a minimum and
never exceeded 0.1%. This procedure reduced exothermic
action during the curing period to a minimum. Hence
thermal stresses and air voids were minimised.

c) The stacking sequence of the reinforcing layers were

arranged to be symmetric about the middle plane and

hence the stiffness coupling matrix [B] and its compliance

[B'] may be eliminated from equation (3.86).
d) The stressing of the test specimens was kept unifiorm and

symmetric about the centre of thickness and hence the

w——

bending moments Mk may be eliminated from the general

equation (3.86).

In consideration of (a),(b),(c) and (d) equation

(3.86) can be simplified to:-

OéK) _ C§§) A

e (3.87)
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where

N- = 0 (ambient i

e = ambient temperature curing or lamination)
and

_ T

Nk = Nk + N
Then

N =N (3.88)

Substituting equation (3.88) into equation (3.87):-

Ky Ky
0% = C;j) Ao Wy (3.89)

where (X) = 1,2,...n relates to the layer number
and
k = 1,2,6 relates to the stress component.
The unidirectional layer oriented at 0° (a = 0) will be

given a superscript (1) and labled (outer layers) because

the 0° layers will always occur as the outer layers, while
the angular oriented layers (a £ 0) will be given a super-

script (2) and labled (inner layers).

(1)
Let M - (3.90) L
né=) o
where n¢1) is the thickness of the outer layers

and hﬁz) is the thickness of the inner layers

The expansion of egqustion (3.89) for different stress
components 1s shown below.
CASE 1 : Axial Load (Ni)

(a) For outer layers:

1
O(i): [?(1) Aii + C(*' A - C(i) A } N,

24 6l
1

(1) A’ Ei) ' } N
1) [ e I O R 026 AN

3 13 14, 22 31

L) [?(1> A C(i) A C(i) ASlj Ny

& 16 11 31

(3.91)
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(b) For inner layers:

1

o2) _ [C(z) K
i 11 4

+c(?) 4
1 13 21

0(2) = [C(z) A’ + C(Q) A'
2 12 11 32 24

o(2) t

6

i

i6 11 51

{C(Z) A‘ + C(2) A
236

CASE 2 : Transversc Load (Ng)

(a) For outer Layers:

0-(1): [C(i) A' + C(i) A'

1 11 12 13 22
of )= [c(i) A et
2 12 12 22 22

(b) For inner Layers:

o2 {9(3) A s
41 141 12

i2 22

= [e2) 4 o) 4
2 13 12 sz 22

+

+

ol = [0(2) A o+ c® 4y
6 16

%3 26 32

CASE 3% : Shear Load (Ne)

(a) For outer Layers:

g0 ot 4 e
1 | 11 16 12— 26
B 1
3 (e 4 ol g
Oij B LF&S Ais N sz “a6
r [ , [
O e a0 ¢l A
Gi - ,Cis Als 26 26

+

+

*.

c()
16

c(1)

26

cl1)
66

c(3)

35

c(2)
26

c(2)

66

c(1)

16

C(i)

36

c(2)

66

| S—

|

| U R Y E B

Na

e




3.5.1)

78.

contd.

(b) TFor inner Layers:

ot

1

c(2) ' (a) ! (2) '
[ 12 A+ C20 A + 000 A Ne

16 26 16 66

of?) = [C‘2> A @ al e )ty

2 13 ie6 32 26 26 86

ol?) = [c(2> AU s e® at s pt o,
() 16. 16 26 26 86 66

where ng) cen b e found from equations (3.16)

2) i om .
and ng) canbé found from equations (3.49) by putting

CQ%) = C,, in these equations.
13. 1) .
t
A = A¥x - Bt D¥ T px
ij ij ij ij. ij
ICIEY (3.94) (Sce ref.3-28)
ij i)
B* = - A*B
H* = BA Y

As mentioned before, because of symmetric lay up
about the middle plane, the coupling matrix [B] will vanish

from equations (3.9&) which becomes
= A. . .95
Aij 13 95

Expanding equation (3.95%“

1 1 2
Ay, = % (Agghee- Aae)
t
Ag_g = % (ASSA:LG- AZLZAGG)
t
Asg = % (AizAis"AzzAis) (3 9/)
2 [ O
A;2 = % (AiiAGG“AiG)
A
AB'S = % (AigAis"AiiAZG)
A 2
Aﬁ’G = ::]': (AiiAza"Aiz)
A
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A= Aii(A22A66“A§6) = A12(A1ahce-Arshas)

+ Aie(AizAze‘AzzAis)

The in-plane stiffness matrix of the composite (A..) can be
1

predicted from the following equations

v M (o) 1\ ~(a)
Aag =% L \M+l> C11 * <?:i> C11 }
= M (1) L (2)
Aig = 1T [ <#+l> C12 + <§+1> C12 =t Cig
(3.97)
[ /2N () 1\ .(2)
=t e = ——
ABB l <M+1> ng + M+1> gz
[
- "M\ (1) LN n(2) 1
Aee = <#+1> Ces * <#+1> CGG J b Ces

_ L /e(2) (2)
(As6,826) = M+1 <?1s ’ Cze

where M is defined in eguation (3.90).

5.5.2) Behaviour Under Load:

(i) Uniaxial Tension.

The s trength analysis of a laminated multidirectional
composite is acnhieved Dy substituting the stress components
of the Kth layer. Calculated from equation (3.89) into the
gmmﬁljmldcmﬁﬁiw,Emahbn(i?@.

From eguation (3.76), the maximum o3, in combination
with the particular p and g that each constitute layer can

sustain, can be determined. When this maximum is reached;
3

failure in the particular layer or layers is considered to
have occurred. After this failure, the remaining layers,
which have not failed, will have to carry additional stresses.
This redistribution of stress is accompanied by partial or

. unline of aye 2 net result
complete mechanical uncoupling of the layers. The net resu

- o IR} L4 : e - as
s that a new effective stiffness, as reflected in new values
; 1t g
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t
of the [Aij] metrix of equation (3.89), will cause a

change in the distribution of stresses in each of the

constituent layers still intact., The effective stress-
strain relationship of the composite is changed and a
"knee" or discontinuity occurs in the stress—strain re-
lationship. New values of the [A;j] matrix, which are
computed from the revised [Aij] matrix, now must be used
in equation (3.89) for the computation of stresses. These
new stresses are substituted into the yield condition of
equation (3.76) to determine the next layers to fail.
This process is repcated until all the lajers have failed.
When M = O in equation (3.97) i.e. when the 0° layers
are not included, failure occurs in a single stage as the
positively and negatively oriented layers fail simulteneously.

(ii) Uniaxial Compression:

The behaviour of multidirectional laminated composites
under uniaxial cocmpression is completely different to that
under uniaxial tension.

Since the compressive strength of the unidirectional
monolayer is completely controlled by the matrix and since
the matrix acts as a support to the unidirectional fibres
under comprassive stress, the fa lure of any of the con-
stituent layers will cause failure of the whole composite.
This may be explained as follows, whenever failure occurs

. - . 1ok
in any part of the composite by any compressive mode such

as deetmnination (fibre instability, or failure of the

L lur ieldi 1o failure of the
interface) or shear failure (yielding ana f

in matrix), a resin matrix failure is involved and
resln Lavl Laj s

i ari pacity o all consti tuent
4“I].(‘}I"L’J‘]?OI‘(‘B tha load bearing cal)a.(lt,y tae
v
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layers reduces to zero. Hence uniaxial compression failure

occurs in a single stage,

Numerical Example:

In this section a numerical examole is given of the
calculation of the strength, modulus, and stress—strain re-
lationship for a wultidirectional laminated composite under
uniaxial tension or compression. Consider a six-layer GRP
laminated composite of the following configuration 0,+45,~45,

=45, +45, 0, subjected to uniaxial tension or uniaxial

The mechanical properties of the unidirectional

monolayer are:—

(£, = 73.58 KN/na?
Vf = 0.6 assumed A= 0.22
Ve = 0.5 E_ = 4.10 KNl/un?
v, = 0.03 _Vm = 0.33
E = 34.80 KN/hm2~
ET = 6 KN/mmz,calculated
VLT = 0.25
Vo, = 0.045
G = 2.70 KN/mn®}
Tension Comprassion
Fp KN/mn®  0.68 0.41
FT = 0.051 0.090
S = 0.052 0.052

! 3 gle fibre layers are of the same
Assume that all the glass fibre laj

2] _ L. N
" the s ‘hickness, then from equation (5.90)
weight and of the sanc thicka s (
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M= 0.5

using equaticns (3.16) yields,

C(l) = N 2
i1 35.15 KN/mm
cii’ = 1.59 KN/mm?
(B-1)
c$¥) = 6,36 KN/mn®
22
c{2) = 2 70 KN/mn®
66
and from equations (3.49)
c{3) = 13,87 KN/mu?
14
(2) _ 2
C12 = 8.47 KN/IT]HI <E—2)
C;Z) = 13.87 KN/mn?
c{2) = 9,58 XN/m?
66

and because of the symmetrical lay-ups, the inplane shear

(2) _ C(Q) - C(z) = 0.

deformation is eliminated ard C¢(%) = ¢
i86 26 is 26

From equation (3.97) the following can be obtained,

Asy=  20.89 KN/mm
Azz= 11.59 KN/am (E-3)

Ajp=  6.19 KN/mm

1
and from equation (3.96) Aij can be determined
' (e -
A.’L.’L: 0.057 M/IX_N
faa=  0.105 am/KN (B-4)

f
Ajz= =0.031 mm/KN

(i) Condition of Uniaxial Tension:
a) For 0° unidirectional layers (out@r layers);
: - o(L) tained F
Lituti g 1 v/ obtained from eqn.(k-1
substituting the values of ClJ i q (J )

1 . o ‘
S 5 tained from eqn.(E-4) into
and the values of Aij obtained an. (E-1.)

the first part of equations (5.91) yielids the following
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2)

b)

contd,

1)

tl

1‘95 N:]_

R

1

49 = w0 1, 5

o1 = o

6
By substituting equations (E-5) iunto the general yield
conditiog squation (3.76) for a = 0 and the strength

ratios r = 13.33 and s = 13.07 (See eqn.3.75):-

N, = 0.30 KN/nu®

For + 45° unidirectional layers (inner layers)
substitiuting the values of ng) obtained from egn.(E-2)

' ,
and the values of Aij obtained from egn.(BE-L) into

the sacond part of equations (3.91) yields the following;

{

o2) = 0.47 Ny
1

V] q\
L]
!

0.02 N, (B-6)
k2 = 0
6

By substituting equations (E-6) in to the general yield
condition equation (3.76) for a = +45° or -45° (which
in fact gives the same results because of the symmetric
lay-up = about the middle plane and the even number

of oriented layers which alwyas occurs in this type of
| aminated composite) and using the strength ratios

r = 13.33 and s= 13.07:-

N, = 0.155 KN/mu®

Comparing the preceding values of Ny, it can be seen
iy

fai a the osutar e
that the inner layers £ai1l bhefore the outsr laysrs,

L. n PP
and after failure of the inner layers the stiffness
al ilur

reduces.
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b) contd,

The effective stiffrnsss of the composite before

failure of the inner layers is 3imply the reciprocal

1
of Ay,

S. By o= %' _ 17.54 KN/mn
14

Thus, the in-plane strain at failure of the inner layers
is:-

= 0.155 A
€1 = 17.5 0.882

After failure of the + 45° layers the only stiffness in
the composite will be that of the unidirectional layer

at 0°. The [Aij} matrices of the composite now becomes s~

Ays = 11,60 KN/mm
Ajz = 0.52 KN/mn (E-7)
Ags = 2,10 KN/mm

' -
and the new [Aij] matrices is:-

As = 0.087 ma/KN
A;.z = =0,02 mno/KN (E-8)
A;a = 0.48 mm/KN
and
ol = 3.05 M -

1) = 0.01 Ny ~0
3

Trus the effective stiffnes after failure of the inner

layers 1s:-
1. LA - 11,49 Ki/mn
Bz = 3¢ = 0087
1441

= - a’ \d n {
y i - Cc b CalCll a e neg

folloving mannere

uv ayers immadiately before
sress 1 -he outer layers 1i ;
The stress in t
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b) contd.,

the failure of the inner layers is computed from the first

of equation (E-6) using N; = 0.155 KN/mm giving
oii) = 0.073 XN/mmn?.

Since the maximum value cil) can reach after complete
uncoupling is equal to the axial tensile strength,
0.68 KN/mmz. The outer layers can be stressed by an
additional amount equal to

0.68 - 0.073 = 0.61 KN/mm?

Using ecquation (E-9), this additional stress beyond
inner layer failure represents a stress resultant of
0.61/3.03 = 0,201 XN/mn. Thus the ultimate stress resultant

is:~-

Ny = 0.155 + 0.201 = 0.355 KN/mn® |
The strain of the composite between inner layer failure

and complete failure is:-

0.201 7
€ = 1149 = 1.7OZ

Hence the total strain to failure is 0.88 + 1.70 = 2.58&

. C S Bpessson:
(ii) Condition of Uniaxial Compressio

Following similar steps to those used for uniaxial
tension except that the value of the strength ratios r
and s becomefrom eqn.(3.76) L4.56 and 7.88 respectively:-

; sultant at failure for the outer
a) The maximum stress resul

layers (0° unidirectional),

‘ T 2
Ny = 0.21 KN/mn®

Lan ailurs for i o i nner
i 1€ I 1lnt nt at rairiuars ¥ ne 1
b) Thﬁu max mumn S‘LI‘C::S resuLs tarn x

T 45° unidirectional)
layers (+ 457 unidir ),

2
N = 0395l
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Hence under uniaxial compression failure occurs at a

stress resultant Ny = 0.195 KN/mm. (See discussion in

Section 3.5.2(ii))
The modulus of the composite up to failure (no dis-
continuity appearing in the stress—-strain relation) is:-

(O Y

Eis = 17.54 KN/um?,

i.e. theoretically the same as the modulus for tension.

The ultimate strain at failure is
0.195
= hespenneaenens = ..1
€1 17.5. .l.._Z

A graphical representation of the above results
for tension and comprsssion is shown in Figs.(3,44) and (3.45)

respectively.

3.6) Details of the expsrimental Program:

3.6.1) Introduction:

Before fibre reinforced composites can be seriously
used as structural materials it is essential that reliable
experimental data are collected for their mechanical properties.

For these anisotropic non-homogeneous materials,
preparation, testing and analysis are usually costly and time

consuming. So there is an urgent need to develop or modify

& £ 1.0y 1cit) Conolﬂy °
eXl in €S m:;‘th.odb ‘tO‘»‘.‘a ras I‘eater‘ Sl;ﬂl)llgl y and
1o b \)C t t; 2 t [S]

This is being investizated by ASTM(5—57,38,39): Ref-(3“40:41,42):
1S 1S > o)

(3_45) and others (3—44,45,46;49)~

British Standard Institute

i cti some of the basic problems involved
In this section svme o

3 it rticular reference
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3.6.1) contd.

discussed. The investigation is mainly based on tensile. com-
- )

pressive, flexural and interlaminar shear tests.
Before any experimental program is begun, several
important questions must be asked including :-
a) The purposes for which the experimental information is required.
b) The exisbence cr not of a theory for correlation with the
experimental results,
¢) Can significant enviroamsntal factors be adequately
represented in the experimental program?
d) Is the material composition known? (i.e, it is important
to know the reinforcement, matrix and void content of
the composite, because these constituents play a vary

A . ..
important role in composite characterization).

3.6.2) Mechanical Behaviour Consideration in The Testing of

Composites:

(i) Elastic Anistropy:
As mentioned above, fibre reinforced materials
are generally anisotropic. In the general anisotropic
case with more than nine elastic constants, normal stress
oy shear stress can produced both normal strains and shear
strains. Similar coupling between bending moments and

axial forces may occur due to unsymmetric lamination of

the unidirectional layers of a laminate. The result of such

i aci < is h de el opmer o]
i ng ;ress 11 a test SP aciumen 1 the v ) 't
COupllnD Of S‘LI‘ 7 m

lex stress and s train fields within thenm, Hence the
complex st

i iform 5 a3 of stress on
i f and uniform states of ‘
basic concept of simple

i 5 ] wil nger be
es : 3 are designed will no lo
which most test specimens g

jeri for isotropi aterials must be
1id and formulag derived for isotropic mat 3
Va_' HES

used with care.
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contd.

(31)

(iii)

Strength anisotropy:

GRP composites exhibit different tensile and com-

pressive strengths in both the principle material axes

and for off.axis loading. Also there may be weak planes

through which the composite can fail in shear or tension

before the expected high strength in another mode is

reached., Thus the composite may fail prematurely in a
different mode from that which was intended. Any strensgth

calculated without recognising this change in failure mode |

may be considerably in error.
Low modulus/strength ratios:

The modulus/strength ratio of GRP is low compared
to that of other matsrials including stéel. Therefore GRP
test specimens suffer large deformation before failure, Beam
specimens ,for example deflects 6 to 8 times more than mild
steel beams of similar dimensions, The forirula derived using
the linear theory of structural analysis may not then
correctly preadict the flexural strength and modulus of the |

meterial. This will be discussad later in this chapter. g

Ratio of Shear/Tensile Stiffness: §
The ratio of the shear modulus and Young's moduius

of fibre reinforced composites such as carbon fibre re-

inflorced plastics (CFRP) and asbestos fibre reinf'orced

plastices are generally low compared to that of metals.

- eci I de-
C ) site beam specimens, the shear
Conseque ntly, 1in compos p h

floction forms a considerable part of the total deflection.

i assuap ti that plane sections
ition the assumpiion U R
Under these condlitlolnls,

p L4 i 5 ; I‘a.l plal’lb ib
i ¢ 3 a4l er iIdlCL.ldI‘ LO b."le Mvu.t 2
I‘E}iﬂa'l,ll pl(,.‘) e Q.

) el .‘J SJ.C J_a.t;d_ ﬂ Ou he 24as red
1NV unt s MO ]. . e}
Va.lLld . .1 0] e us ¢ 9] 6] Y

Thourh G sites
. .11 also be incorrect. Although GRP compost
deflection will &
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3.6.2) contd,

(iv) contd.

17‘ . / . .
nave a higher shear/tensile stiffness ratio than carbon

or asbestos mentioned above, the effects meationed are

5t111 significant with GRP.

It has also been observed that the composite
strength varies with the specimen size, number of plies
and the staciing sequence.(-48,49).

Unless test specimens are proportioned, prepared
and lozsded correctly keeping the above points in mind,

the results may not be reliable.

(i) Type of Glassfibres:

The fibreglass reinforcemernt used in preparing

oy

the specimens in this project was E-Glass unidirectional
cloth type Y-996 supplied by Fothergill & Harvey Ltd.
(i1)  Type of Resin and Catalyst:
The resin used in the project was preaccelerated
Beetle Polyester Resin 837 supplied by BIP. For curing,
this type of resin reguires the addition of a suitable

id

e}

amount of Methyl Ethyl Ketone Psroxide to effect ra

gelation at room temperature, The amount of catalyst added
1 -3 1 AT

to the resin with the moulding technigue used was limited

to 0.1 per cent in order to increase the gelation time.

3 3 1d1 Technique:
3.6.4) Duscription of Moulds 2Bt Moulding -echilq

i aring the GRP sheets were
The moulds used 1n preparing th

| be proiuc f dimensions
tal wmoulds from which sheets could be proiuced of d 0
me tal wmould Qi

i - 5 12 mm.
; , ) 100 x 4 mm and 75 x /5 X
1150 x 25C x 4 o, WhO x 10

(See Fig.(3.77)
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3,6.4) contd.

The moulds were manufactured with very smooth
surfaces and before moulding took place a layer of mould
release wax followed by BIP separating agent type L1894
were applied. After the separating agent had dried the
following moulding procedure was adopted.

a) A layer of catalized resin was applied to the mould base
to achieve a smooth surface on the moulded shset.

b) A layer of glassfibre cloth was placed in the mould
and a sufficient amount of resinwas poured onto it.

25 gms of resin per 1 cm® of fibreglass cloth was found
to be sufficient for the type of moulding adopted.

c) Suecial pursose rollers and plywood tampers‘were then
used to achieve uniform fibre-resin wetting and to get
rid of air bubbles trapped betwsen the fibres ana the
resin surfaces.

d) Repeat (2), (b) and (c) until the desired number of glass
fibre layers had been placed. Then the plunger of the mould
was brought down under load onto stops to achieve a nominal
12 mm or 4 mm thick finished sheet.

e) The mould was left for 2). hours at room temperature for curing
before release of the sheet from the mould.

Five different GRP shzets were moulded in this manner which
; y svers of glass mat and produced

contained k4,5,6,7 and 8 layers 9t &

27,39,46,57 and 64,% fibre content respectively.

5.6.5) Tensile test:

(1) mhe Test Spocimens:
' The 1eSb Do oo

A oroperly conducted uniaxial tens ile test
propei- 0

- . L - CI ’f-‘ "h‘&:‘,
vield valuable information on the behaviour of T
~gan a . )
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3.6.5) contd,

contd.,

materic ener i 3 a1 i
riel. Generally specimens are oriented so that

- 4. e - . .
the material orthotropy axes coincids with the specimen

axes,

Anisotropic specimen may also be used to de-
termine the shear modulus ref.(3-50), fibre orieatation
effects (5~51), andl the failure criterion under compls
state of stress (3-36).

When the fibres ars non-symmstrically oriented
with reference to the specimen axis, or the specimen
is not lozded along the axis of material orthotropy,
the specimen is in effect a general anisotropic test
coupon and a non-uniform state of stress is generated
due to the development of shear strain within the body
of the specimen. A uniform state of stress may be achieved
in these coupons if the conventional clamps are dispeznaad
with and the specimen is loaded through pins and
wires(3-52). If the specimen is orthotropically tested
the coupling between shear and normal stresses and
strains vanishes (i.e. Cie= Cas = 0) and the effect
of anisotropy can be greatly reduc=d and the conventional
clamping device can be used.

Local anisotropy may occur near the free
boundaries of s0me orthotrosic specimens such as angle-ply
to the generation of inter-

and random mat composites, due

~essas in the ions even under
laminar shear stresses 1u these reglo

. : " ~-53 The use of
uniform uniaxial tension (ref.3-53).

) - . . ! - ] f
cylindricul tension coupons eliminate this form o

anisotropy, (ref. 3.52).
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3.6.5 contd.
(i) contd.
| A tensile failure away from the grips and
within the gauged zone is a desired mode of failure in

tensile strength tests. However, the specimens may fail

around the grips, or the curved necks, as a result of

fibre damage and/or weak interlaminar shear strengths .
Damage to the fibre by the grips often can be prevented
by bonding on end tabs of some suitable materials like

aluminium,

An adeguate tab length can be predicted by an
expression derived by Nair et al.(ref.3-47), in order
to prevent a shear failure of the specimen in the tab

area. The length ¢, is given by the following:-

t
1 /w F \
ét = 3 ng) Lgt! tg (3.98)
\it 5
t
where
W st the width of specimen at the gauge and
&
tab regions respectively.
t : Thickness of the gauge zone.
g

Eouation (3.98) shows that it 1s possible to eliminate
e

educing the

3

shear failure by changing the tab length,

thickness (t ) or by necking down the specimen at the
g

. P
gauze zone or voth as suggested in (ref.> 47),

3z 1 PG K3
Ewins(3-42) discussed the problem of achieving

R L veneth 1imit b
tensile failure within the gauge lengtin limit by

i ! j ] ~ +hickne
i in ‘her their width or thickness
waisting the spsciieh in either

SN o exceaded
t 4 4me shear strengthwas nowhere exceeded,
o ensure that the saear &

1 fa ~ oo )..:d
) . e 14:mate tensile stress to be acuieve
while allowing the ultimate Te€

st accoll 1ist i v ﬁ 110‘/»’7. 13€
t 1 ! 'I").‘le!l thls Lhe 104 LA A
21l 1 S&C 101, To OME

at the minimumn S ( 5
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3.6.5) contd,

(i) contd,

relationship was used:-

o

d S 8 o 2
i (‘V Lo (3.99)

dx F
L(t) YO2

where yo = the minimum half thickness (or half width)

1

y the local half thickness (or half width)
at a distance x from the point of minimum
thickness or width.

The following conclusions may be drawn from the

above discussion:-

a) Although it may be practical with filamentary composites,
a reduced thickness specimen will not be reliable for
use with a laminated composite. In laminated composites
each individual layers within the composite are not
exactly straight along the specimen length, but take
a wavy pattern as shown in Fig.(3.10), which makes the
smount of interlaminar resin variable along the
specimen length, hence any reduction in the thicknsss
will affect the fibre volume fraction of the reducead
area and a false evluation of strength will be obtained.
b) Double reduction in width and thickness 1is unattractive
because two separate machining operation would be re-
quired with a corresponding increase in cost. In

addition the risk of ribre damage will be greater

intMsiywad‘wedmah
i ; is a izd to reduce the width
¢c) If equation (5.99) is applisd to redu

i e overall dimensions of the
of the GRP speclmen the ov

scimen will be much larger than conventblonal
Spc) 12)

‘1 s 7 uneconomical ,
imen dimensions and hence it will be uneconomica
specimen di -

N
en after

The pvofile equation of the specimen a

i
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PIN

contd,
(i) contd,
c) contd,

integrating equation (3.99) is,

F
ggt} Yo €in (y + {y° - yo2 ) (3.100)

-q‘ . . . ) ! -
Zquation (5.99) is adequate for thickness reduction

fibre layer
e
W
L
)=
: x
FIGURE (3.10)
(il) Details of Test Specimens Used in Ths gran To

3
Predict The Longitudinal Propertiss:

a) Necked Soscimen

A modification to the tensile specimen described

in Dastin(3-54) and in ASTM D638 was effected by making

the reduction in the width more gradual in order to

minimise the effect of stress concentrations on the

waisted part of the spescimen. This was done by in-

gasing the radius of fillet from 75 mm to 110 mm,

To prevent fibre breakage under the grips, sof't
aluminium alloy pads were bonded on to the GRP specimen
to provide a good gripping surface for the test machine

wedge-grips and to eliminate potential fibre breakage,

~ o

The adhesive used was Araldide AY111 added to an equal

part of hardner AHI1l.
The tab length of the specimen was 4l mm which

is well within the 1imit of equation (3 8). See

Figure (5-11A>~
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3.6.5) contd.
(ii) contd,

b) Uniform Cross-Szction Specimen:

A uniform cross-section specimen was also used
in this program to determine the tensile properties

of GRP. The specimen is shown in Fig.(3.11B).

The advantage of this specimen is that it can
be used to determnine the tensile strength, modulus,
the stress-strain behaviour mostly up to failure, and
the Poisson's ratio at different stress levels, This

type of spscimen reduces the shear stressss relative

to a waisted specimen, an important factor for s
material with lower shear strength comoarad to its

tensils and compressive strength. In addition these

<

®

specimens are more easily and cheaply prepared than
walsted specimens.

The chosen specimen width of 19 am. was a compromise
between two conflicting requirements. Firstly, the
width should be reasonably large to prevent shear
failure and to allow for the measursment of transverse
strains so fhat the Poisson's ratio can be determined,
Secondly, the width should be minimized to reduce the
effect of in-plane bending strains arising from test
machine misalignment and the development of non-unifovm
shearing stains particularly where off-axis tensile

i idirectio: GRP are being determined.
properties for unidirsctional GRI g

Spft aluminium alloy pads were agaill used.

g ile Prooertiecs:
(iii) Transvarse Tensile Pro

In the plane normal tO the fibre direction, uni-
&

5 :tered as isotropic. So that,
11 i O . be considered as 189
directional GRP can

~ mation
i i -engion S G383 ()O.L'lCE!ltlau | Gl
s " A3 115},1 tellblad, Dtr'
1 s to Oll&,lt‘Li.n.
conmp ar ed




96.

e
3
I3mm - I mm
e J{ e .“1 r‘
B - T
| | C F s0mm | ~1min
l .
; {15 mm | -
. {97 mm
)OOZ\
— i =
‘ 4imm l 15 mm 4lm
! I
\_ 197 mm
-
A Necked specimen
41 mm [15mm *_4+P_fﬂﬂl~%
j97 mm .
3002\
P
e PSR r——
- M_,___:?M .
4lmm_| [ 1 -1 B — {LM
I I

19 7mm _4
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Fig. 3.t1.

Tensile specimens
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3.6.5) contd,

(iii)

(iv)

contd,

tends to be relatively small, Furthermore, the transverse
tensile/shzar strength ratio (about 1:1) is very much
lower than the longitudinal/shear strength ratic (about
15:1), hence the limitation on taper or wasiting will
not be significant. In addition the transverse stiffness/
transverse strength ratio is about the same as for the
longitudinal direction so that the bending stress created
from any machine misalignment will be of the same order
as in the longitudinal direction, Hence the same dimen-
sions Ffor unwaisted specimen can be used for this direction
as those used in the longitudinal direction.

The sezme specimen can be used for the tensile
characterization of off-axis unidirection and multi-
directionai GRP composites.

Specimens Preparation and Test Procedure:

a) Longitudinal Tensile Tests:
The spzcimens discussed in (iia) and (b) above
were intended for use up to failure and to give tensile
sfrcngth, modulus, Poisson's ratio and stress-strain
behaviour simultansously. The necked specimens wWere
used to determine tensile streﬁgth, whilst the uniform

cross—section specimens were used for the determination

of strength, elastic constants and stress-strain re~

lationship. Two electrical resistance strain gauges

3 ~ L 4 X . .
i e " were fixed in the longi-
supplied by "Pechnic Measure ! g

tudinal and transverse directions.

Both types of specimen were tested in a DENISON

i i ing jee erips which had been
{testing machine using weage arips 1

sroducs, a : s possible, a pure
adjusted to produce, as nearly as pos > ap




3.6.5) contd.
(iv) contd.
a)' contd,
tensile load in tle gauge length, The loading rates
adopted produced failure of the necked spzcimens in
30-90 seconds and of the constant cross-section specimens
in 120-240 seconds. Five specimens of each of the five

different fibre volume contents were tested.

b) Transverse Tensile Tests:
The constant cross-section specimens were used for
the transverse tests, and the same test conditions were

used as thoss employed for the longitudinal tests

except that the loading rate produced failure in 10-45
seconds on strength tests and 45-75 seconds in other tests.
Five specimens of each of the five different fibre

contents were tested. The results of the tensile tests

are shown in Table 3.4,

3.6.6) Compressivs Test:

(i) Ihe Test Specimens:

Compressive testing is much more complex than tensile
testing both in terms of experiment technique and inter—
pretation of results. A true compressive failure involves

more than one type of microfailure and may include shear

failure of the pmatrix, microbuckling of the fibres within

i 121 i ¢ i i and then buckling
the matrix and longitudinal gelamination and then buckling

L "
of the resulting "colwnmns'.

A number of unwanted failure modes may occur due to

unﬁymmgtrical defornation of the specimen e.g. overall
S 8

. T aminar shes "9 e, End crushing
elastic bucxilng’lnuellamlu@L shear failure ¥nd crus g

and brooming, have also been observed.
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3.6,6) contd,
(1) contd.

For high strength-low stiffness composites, waisting
the section may not fully eliminate end brooming, and
gross buckling may also .take place. Loading the specimen
through the lateral forces rather than the end cross
sections (3-55) has been tried with some success in these
cases, Purslow(3-41) suggests that to ensure failure occurs
remote from the end fittings, waisting of the speclmen
oro;s—section should be carried out, especially for those
composites with very high longitudinal compressive strength

to shear strength ratio. The waisting reduces the stresses

generated in the specimen and orevents shear failures. The
waisting of the specimen should be according to the follow-

ing relationship

5 &

= 3,101
T o) ( )

y:

rofe

exp I
|

¢
where d is the maximum thickness at the centre of the

waisted section, 2y is the specimen thickness at a distance

X from the centre.
Furthermore he suggests that for shear strength/

compressive strength ratios less than 1:30, the waisted

length of the specimen ¢ should be:-

¢ = 17.5d (3.102)
Ewins(3-42) also recommends waisting the specimen

through its thickness but according to equation (3.98)
=4 ° .

i eci 5 i ine tensile by compressive
for tensile specilmens, replacing v

strength in the equatione

Lo o . o AP enaedm
British gtandard(3-43) suggests two types of specim

1indrical and cubical specimens in metnods 303A and
i.e. ¢y Lt
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3,6.6) contd,
(i) contd.
303C . ASTM(3—39) suggests rectangular flat specimens with
specified slenderness ratio to eliminate buckling, also
recommend a supporting jig for compressive specimens of
thickness less than 3.2 mm.

(ii)  Design And Detail of Test Specimens:

Three types of spzcimen were used in this test program.
a) Prismatic Specimens:
These were made longer than the specimen reccmmended
in method B.S.2787, 1970 303B., and were of dimension

12.7 x 12,7 x 25.4 mon. The length of the specimens were

increased to enable a longer electrical strain gauge
to be attached in order to obtain a more accurate stress-
strain relationspip and a clearer mode of failure
Fig.(3.124).
b) Thin Sheet Specimens:
1) Waisted Spscimens: These specimens were designed
for the determination of compressive strength only.

(Fig.3.12B). Since the compressive/shear strength

ratio is not as high as that in CFRP, the waisting
of the specimen was made across the width, not as

recomnended in(3-40,41,42) across the thickness.

The walisted width to the original width ratio

was Tixed at 1:2 utilising a semi-circular shape,

fallu £ 8 imen end
to keep the failure area away irol the specimen s

and to reduce the magnitude of the stress concentrations.

The length of the waisted part was 17 mm long

which 1is approximately equal to that used in ref.(}—hl)

cop CFRP specimens and is acceptable from the stand~
for !

ooint of stability. Aluminium end blocks were fixed
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3~6.6) contd.
(ii) contd.
b) contd.

l) contd.

to the specimen to prevent end crushing during
loading. Failures were found to occur near the mid-
length of the specimens.
2) Straight Edged specimens:
These specimens were designed according to
ASTM D695, Pt.27, 1973: for GRP sheets of thickness
greater than 5.2 mm. To overcome the stability

problem, a slenderness ratio of 15:1 was adopted for

this type of specimen. Aluminium end blocks were
bonded to both ends of the spscimens to prevent end
crushing or brushing and to transmit lozd by snear
from the test machine to the specimen, as suggested
in (3-40,41,42). See Fig.(3.12C).
The advantages of the parallel sided speclmen
are,
i) Its unwaisted width provides adequate space for
fixing electrical strain gauges in the longitudinal
and transverse directions in order to measure the

stress-strain relationship, Young's modulus and

Poisson's ratio.

ii) It is easier and more economical to produce
accurately.
iii) Full strength and stiffness characteristics can
be obtained from the one specimeh.
The s trengths and modes of fallure were
approximately the same as those found from the

waisted specimense
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3.6.6) contd,

(1)

contd,

For the reasons described in Section [5.6a5(iii)}
the straight edged specimens can also be used to determine
the transverse compressive properties of GRP composites.

Off-axis compressive strength testing with straight
edged specimens is more complex than tensile testing,
because of the generation of shearing stresses due to the
fibre inclination from the principle direction. The waisted
specimen is more reliable in this case than the straight
edged one because the decrease in width of 50% tends to
reduce the shearing stresses to an acceptable magnitude.

Details of the specimens are shown in Fig.(3.12D).

The elastic modulus, Poisson's ratio, and stress—
strain relationship were obtained from straight edged
specimens and were found to be at some variance with
theoretical predictions.

A1l compressive tests results are shown in

Table (3.5).

) Prepzration of Specimens and Test Procedure.

All specimens described in (ii)(a and b) were
tested between parallel platens in a Denison testing
machine, The load was applied at a rate that caused

failure within 30--90 seconds from the start of the test.

This loading rate applied only for the determination of

strength.

3 3 a ; 1 -
For the determination of the modulus, POLSSOﬂ.S.

ratio and stress—-strain relationship electrical resistance

strain gauges were fixed on the prismatic and straight
’ L 1o i

' in the s nanner as ¥ he tensile test
edged specimens 1n +he same manner as for the tensil

[©)]

i : ‘his case the load was applied at a rate
specimens. In this case th as apy
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3.6.6) contd,

(iii)

contd,
that caused failure within 120-240 seconds from the
commencement of the test.

Five specimens of each of the five different
fibre volume contents were tested.

The above test procedure was applied for the
determination of both longitudinal and transverse com-
pressive propertics of unidirectional and multidivectional

GRP composites.

3.6.7) Interlaminar Shear Tests:

(1)

General considerations:

The need to measure shear strength of composite
materials is much more significant than for conventional
materials, as a weak interlaminar shear strength can make
the composite totally ineffective under any form of loading,
It is therefore essential to find a reliable test method
for measuring the shear properties, With this in mind tests
such as torsion rods(3—56), single and double overlap
tests(3-55), and short beam tests(3-57) have all been studicd
in the past. The short beam under three point loading is the
simplest and most comveuient of all and hence it has been
examined in detail.

The interlaminar shear property is measured in a
short beam test when the beam fails in shear along a
horizontal plane passing through the neutral axis of the
bean,

Sattar and Kellogg(3-58) determined the inter
lapinavr shesar streagth of composits from short beam sp ecimens

using the gecmetry of span/depth ratio and width/depth ratio,
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3.6.7) contd.
(i) contd.

ﬁotiﬁg that there is a/limitation on the'span/depth ratio

_above which the short beam specimen fails in a mode other

'fhaﬁ the shear
made of the dis—
erials under
aiamine the inter—
action of 1 _the specimer

nder three point

:,VE&atnfhé extreme fibres (3.103)

Ci(méx) L

(3.204)

TLT(max) T -

The‘shear’ ’

as the total 1oaa at fallure and,A is the Cross— sectvonal

area, ( See Flg 3. 13).‘ This shear*stress is independent

of span length A bendnno/stresQ dlstrlbutLon of ﬁf aluo

exists in the spec1men reachlnU the maximum value deflned

by eqn.(3.103) at the extreme fibres at mid span.
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3.6.7) contd.

(i) contd,

Y

L=2a
7
i—4

|

|
1. Yo T 4 L 2b ]
Pr
>

FIGURE (3.13) Short Beam Specimen.

Figure (3.14) shows a plot of the summation in
equation (3.102) versus depth (0 € v < a) at the mid span
location for flexural/shear strensth ratio of 15 which is
about average for GRP composites, and for various values
of span/depth ratio. For convenience, the shear strength
is assumed at 2(P/A), thus demanding a failure for each
span/depth ratio chosen.

Figure (5.15) shows a plot of the main values
of flexural/shear strengths ratio (FL/S) required to ensure

shear failure at a given span/depth ratio. This graph

illustrates the I.L.S. failure zone and flexural failure

zone with respect to span/depth ratio. The graph also
contains two margins representing a transition zone between
the I.L.5. failure mode and the flexural failure mode. This
zone represents flexural stresses lying between 90% and 110%
of the flexural strength. To ensure that specimens lie outside
this transition zone and fail purely due to I.L.S. a margin
representing 80% of the flexural strength is also defined

on the graph. Using this criterion a span depth ratio of

four was chiosen for the GRP composite under counsideration
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3.6.7) contd,

(1)

(i1)

contd.

which had an average flexural/shear strength ratio of

approximately 1.

In Ref.(3.58) it was shown that specimen width

has a significant effect on experimentally measured shear

strength if calculated by the simple bending theory. For

isotropic and oriented compositesthe shear stress varies
through the width with a maximum value at the free-surfaces,

The actual shear stréngth is therefore higher than the value

calculated by the simple bending theory. The ratio X of the

maximum shear strength and the nominal shear strength is
plotted in Figure (3.16) against width/depth ratio for
oriented fibre composites.

From the above discussion the following conclusion
may be drawn:-

a) Improper span/depth ratios can lead to flexural rather
than shear failure,

b) Width/depth ratios of the short beam shezar specimen
have a significant effect on the shear stress in the
specimen,

¢) The shear stress distribution across the width of the
beam should be consilered as non-uniforn,

Detail of Test Specimens:

In accordance with the above discussion and
Figure (3.15), the span/depth ratio adopted for the specimens
was 4, this figure being consistent with a flexural /shear
strength ratio of 14. The thickness of the specimen was 4 mm,

and its overall dimensions were 24 x 10 x 4 mm,

(iii) Description of Test Loading Svstem.

The I.L.S. test consisted of a simply supported
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(iii) contd.

beam arrangement on a 16 mm, span subjected to a central

PQintng%@chhe suppop;s~apd loading,point were circulan

and of 6 mm, d vith that suggested by

6mm
dia.

'VEiGUREf€3;17>~

ILSS\LOADING SYSTEM.

(iv) Test Procedur:

‘Thes test was carr duﬁ,atja;température between

19 .and 21~C in an Instron test machine w1th an. applied de~

formatlon rateof O O) cm/mln

A load-dellectlon plot was automatlcalWy drawn by

the loadlng macnlne.

The test reoJlts 1nclad1*1O mode of Iallureware

\\g1Ven in Table (3. 6)

The 1nter14m1nar shear strength was calcu¢ated

from the simple bendlng theorj relationohlp.

3.6.8) TFlexural Tests: s

(i) General Consideration:;

The method of determining flexural strength experi-
mentally is similar to that used in determining the inter—

laminax shear strength, i.e., a rectangular section specimen
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3.6.8) contd,

(1)

contd.

tested under three point bending. Although a four point
loading system is preferable in so far as it gives a zone
of constant bending moment, the three point loading system
is simpler to apply‘and the deflections more easily
measuread,

The most important objective of this test is to
achieve a flexural failure rather than a shear failure,

The prefered mode of failure can be obtained by using test
specimen with suitable span/depth ratios which in this case
depend on the flexural/shear strength ratio, see Figure (3.15).

The effect of the low modulus/strength ratio results
in Jarge deflections and hence some error arises in using
simpls bending theory. For deflections greater than 10%
of the span, the error in the wodulus and strength calculated
from simple bending theory also exceeds 10% Ref.(3~59).

The ratio of shear deflection to bending deflection
is plotted in Figure (3.18) against span/depth ratio for
various Young's modulus/shear modulus rafios. This figure
shows that large span/deoth ratios have to be chosen to reduce
the significance of shear deflection.

The above considerations show that the choice of a
sultable span-depth ratio is of primary concern for achieving
the correct failure mode and accuracy.

The use of the simple bending the ory for inter—
pretation of experimental results must be carefully exercised,
Figure (3.19) gives correction factors for simple bending
theory strength and modulus determinations for variow

deflection/span ratios.
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(ii) Details of Test Specimens:

In accordance with the ‘above arguments and

(3.18), the specimens had

Figure (3.15) and Figure

_
1 and % = 100 for modulus

/d'th{ratiozwas chosen to

'I? = 40 foc streng

determinatio

reduce théjp{/ : ) g nose into the

specimen sur:
was allowed

and theﬂidadingﬁ

tion

1) Descrir oft diost Loads

~ The flexural test loading\éy(%é'r

two circular rts o ”e%er‘lg;E_mm-and a circular

loading nose

(iv) Test Prpé%&u,

The tests were carried out af é temperature
between 19° and 21°C. |

a) ‘Strength test: Test sPecimens/were loaded in an Instron
loading machine up to failure and a rate of ap?liea
deformation of 0.1 cm/min, \

b) Modulus test: The spebiméns were loaded in an Instron
testing machine at a éféséheéé'Sbeed of 0.05 cm/min,
observing the loadé’fégﬁi;édr%o'produce deflection .
increments of 0.05L ‘

The test're;yifs‘#ﬁd 6gserved mode of failure

aeshmninﬂﬁﬂe(i?%
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modulus determination
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3.6.9) Determination of Fibre and Void Content of The Composites:

A rectangular piece of composite of known dimensions was
accuratvely weighed and placed in a furaace at 650°C for five

minutes in order to burn off the resin. The remaining glass

fibres was'weighedtafﬁer‘cdbl The following calculations

can then be ma@e:

(a) Density of the Composite

(b) Fibre Coﬁ%entjby;we

Fibre Volume fraction

c =
Wf = glass fibre in the composite
W. = weight of“'resin in the composite

R O 3 Ny
PR = density of resin, equal to 1.19 gm/cm®

pp = density of fibres, equal to 2.54 gn/cm?

o
iR

3.7) Discussion of

Exnerimental Results:

3.7.1) Stress-Strain Relationship.

-

The stress~strain relationship of polyester resin

in tension or compression was observed to be initially linear,

becoming non-linear before failure as shown in Figures 3.21

and 3.22.

The stress-strain relationships for tension and comp-

ression are shown in Figures 3.23 to 3.45
The stress-strain relationship for unidirectional

GRP laminated ccmposites stressed in the fibre direction in
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3a7.l) contd.
tension consisted of two straight lines of differing slope,

whilst that for compression consisted of a single straight

line. Some small non~linearity was obsesrved at stresses
approaching ultimats in both cases. The knee in the tensile
stress/strain relationship is due to "crimping" of the
fibres, on straightening under stress, transverse micro-

cracking of +*the matrix results with a conseguent 3iffness

change.

Stress~strain curves for unidirectional GRP
composites stressed at 90° to the filament direction in
tension and compression are generally similar to the stress-
strain curves for the resin matrix. In this direction the
resin is the contiguous phase, and the stress-strain curve
for the composite rsflects the behaviour of the resin.
Tensile failure of the composite occurs at stresses lower
than that of resin tensile failure, because of stress or
strain concentration at the filament resin interfaces.

Stress—strain curves of unidirectional GRP com-

posites stressed at intermediate angles in tension and com-—

pression are transitional between those obtained for stressing
along the fibres and across the fibres. The nearer the angle
is to zero the closer the behaviour is to "along fibre stressing"
anl vice-versa.

Stress~strain curves for multidirectional
laminated GRP composites are linear in tension and compression,
a knee again occurring between the two straight portions for

tension. The knee is dus to failure of the angle orientated

layers before the longitudinally orientated layers as discussed

in section (3.5.2), the position of knee is variable depending

on the value of M (e.g.2.90).
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Tensile Properties:

Although the prcesence of voids has lsss effect
on tensile properties than on other properties such as those
in compression or interlaminar shear, the experimental results
for tension were lower than the theoretical pedictions for
both strength and stiffness. The probable reasons for this
are the presence of stress concentration andndisalignment of
of fibres during fabrication. Notwithstanding this, the
experimental results for unidiresctional composite stressed
in the fibre direction, are in reasonable agreement with the

theory based on the law of mixture represented by equations

. \ ot vt sdictior i
(3.19, (3.55) and (3.22) fox the prediction of Br, Fpo4ysvpn

[¢9]

respectively. The Tsal approach also saows a good agreement
in predicting v;, i.e. equation (3.25) with C = 0.

The transverse tensils modulus may be oredicted

3

by equation (3.34), with the value of C = 1 or 0, the former
value representing an upper bound of this property when the
fibres are in contact, and the latter a lower bound when the
fibres ars completely surrounded by the resin matrix. The
experimental results of the transverse modulus are well
between the two bounds and are closer to the lowzr bound
which may be used later for theoretical predictions for
design purposes.

For unidirectional laminates, the theorstical
transverse tensile strength was calculated to be equal to
the tensile strength of the resin matrix. The experimental
results however wers well below this theory for ths reason
given in section (3.7.1).

The off-axis tensile properties of unidirectional
GRP composites are in reascunable agreement with the Tsal

approach discussed in section (3.3.4) and with equation (3.76a)
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for strength prediction, and equation (3.53%) for moduli

prediction,

hbnl

Experimentally the multidirectional laminated
composites show gocod agreement with the theory discussed
in section (3.5).

Photographs of the tensile modes of failure

for different type of GRP composites and polysster resin

are shown in Figures (3.69), (3.70) and (3.71).

Test results obtained from nacked and unnecked
specimens were in close agreement with each other, Figures
(3.46 to 49,51,53 and 58), and the strength and stiffness of
unidirsctional GRP composites varied linearly with glass

content over the whols range studied in the project
S D )

Figures (3.46,51).

3.7.3) Compressive Properties:

The prediction of elastic properties in compression
was obtained from the same source as the tensile elastic

progerties., The general level of agreement between theory

and experiment in compression was similar to that in tension.
The compressive strength for unidirectional

laminates stressed in the fibre direction is highly affected

by the presence of voids in the composite as previously des-

cribed, Hence equation V.3 (section 3.4) was used to predict

the longitudinal comprsssive strength. (N.B. equation 3.56 gives

the sams result as cguation 3.61 for the composite materials

used here). A furthesr correction was avplied by multiplying

the value obtained from equation V.3 by 0.25 to allow for

lateral displacement of fibres during curing shrinkage. This

v
)
IS

reduction factor is in agreemsnt with ref.(3-18).
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Again, for unidirectional laminates stressed
in the fibre direction, the walsted and unwaisted specimens
test results are lower than the theoretical prediction bﬁt
they are in an acceptable range to the theoretical limits.
The compression results of the prismatic specimens were in
most cases less than that obtained from the other two types
of specimens. This difference is probably due to geometrical
irregularities that make the spsecimen surfaces not parallel
to a certain accuracy, in addition to the direct transmition
of load from the testing machine to the specimen which causes
svperficial cracks in the spacimen body and hence, an early
failure occurs mostly by delamination mode, as shown in
Figure (3.74). Generally the specimens with the lowest fibre
contents failed in a shear mode rather than a delamination
mode, Figure 3.73 clearly shows the similarity betwesn these
shear modes and the shzar mode for purs resiu.

The test results show that the compressive strength
increases witn fibre volume fraction up to V, = 0.57, for

f

higher values of Vf the compressive strength decreases. Thus

Vf = 0.57 represents the optimum rssin content to provide an
effective matrix.

For unidirsctlional lamintes, the theorstical
transverse compressive strength was calculated to be equal
to ths compressive strength of the matrix and this theory
agreed well with the experimental observations,

The composite longitﬁdinal initial modulus varied
linearly with glass countent over the entire range investigated
in this project.

For the off-axis properties, the approach used

in the tension tests was adopted here, i.e., equation (3.76&)
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for strength (where FLbecomes the compressive strength

rather than the tensile strength) and (3.53) for modulus.

Experimental results for the multidirectional

laminates were in good agrec -h the theory discussed

in section (5Q5)ji”

Photograph
of failure are shown
Test resul

spscimens are shown in Fi

gures 6 to 4 ‘nni'52'to 58) .

3.7.4) Shesr Properties,

Theoreticali/

155

aminar shear strength

was calculated as equ ngth of the resin

matrix. Experingent

interlaminar s ed slightly with ths range of
fibre content use

oject, decreasing slightly with
increasing fibre volume fradtibn;f’
Figure (3.67) shows the interlaminar shear (streng-’ch

calculated frbj&fﬁéxéxperimental results using the simple

bending theory and the corrected results due to the width
depth ratio effect. The correction factor k was taken from

Figure (3.16) for EL/GLm = 10 and b/t = 2.5. The experimental

re

wm

ults are also shown in another form on Figure (3.67), i.e.
the normalized unvolded experiméntal results calculated from
equation (V-6) in section (3.4), where the void content in
the composite was found to be approximately 5 per cent.
(Sece Table 3.6).

A regression line was drawn through the voided

corrected results, which are considered to be the true ex-

perimental representation for the ILSS, the equation of thig
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line is ra ;
ILSS (N/mn®) = 52 - 0.08 v, (3.109)

,Q5,1o9), then the value of

Tf Vf =0 in

ILSS is equal to 5

co sidered to be the
inwhich‘is about 73 per

f the resin matrix,

2sing fibre

conecentrat—

~ This may be re-
'é@éé@éﬁféwitﬁiﬁ/the;composite, where
the . type of fiﬁ;ézhégtiﬁg;in the unidirectional composite can
of fer more mechanical bonding than the angle and cross-ply
composite. Photographs of the different modes of failure are

shown in Figure (3.75).

The shear modulus was found expsrias nta]ly by\tiefﬂ
aid.of three types of tensile modulus specimns (i.e. at
brientations 0°, 90° and 45°) from which the longltud_nal,
transverse, and 45 deg. modull respse ctvvely were determlnad
Using the results from these speciﬁeﬁé’;n,thé}first of

equation (3.53) reduces to th?:folld&ingi

L .1 Loeds o .
E. L \E "E, T G 10

where Gy, is the only unkndwhtinz§quat;on (2.110) and c

be determined by
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. ) 1
LT * “L i B

Experimental results for
well with the theoretical prediction

Figure (3.50).

5.7,5) Flexural Properties:

The experimental results

127.

(3.111)

shear modulus agreed very

of equation (3.40), see

for unidirection GRP com—

posite in flexure indicate that the flexural strength and stiff-

ness are dependent on the tensile strength and medulus, this

finding agrees witn the discussion in section (3.3.2v).

Due to the large deflections of the specimens

a correction was made to the flsxural strength and modulus

derived from the simple bending theory. The correction was

nade with the aid of Figure (3.19) (See section 3.6.8).

A regression line was drawn through the corrected

experimental results, giving the eguation:-—
>y O >

NN~
F(FL) N/mn® = 1,200 Vg

+ 90 (3.112)

Equation (3.112) shows that for a value of fibre

volume fraction equal to zero the flexural strength becomes

equal to 90 N/mn® which is approxima

tely the flexural strength

of polyester resin (See Figure 3.59).

A similar regression line was also shown for the

experimental result of flexural modulus, giving:-

¥ (rL)

N/mn? = 52,600 V, + 4020 {(3.113%)

Again for Vf = 0 the flexural modulus in equation (5,113)

approaches the flexural modulus of the polyester resin,

Figure (3.60).
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contd.

The corrected test results given with the assoclated
deflection are shown in Table (3.7).

Cross-ply, angle-ply and off-axis unidirectional
results for flexural strength and modulus, give the same
agreenment with the tensile strength and modulus as those
obtained from the unidirectional specimens. See Figures
(3.61) to (3.66). Photographs of the different modes of

failure are shown in Figure (3.76).

Voids Content:

The voids content in the composite were deter-
mined according to S=ction (3.6.9) and are shown in Table
(3.8). As the variation in voids content was small, for
simplicity a constant, mean value of 3% was taken for all

spacimens.

Conclusion,.

The method of manufacture used throughout this
program proved to be efficient in reducing the void content
in the composite and minimizing the thermal effects.

For design purposes, it has been shown that the
stress/strain relationship is linear. In addition the Tsal
approach for predicting the elastic modulus was shown to be in
good agreement with experimentaliresults. The lower bound of
this theory (i.e. C = 0) was consistently conservative, but not
grossly so, and therefore is ideal for design purpoces.

Tensile and compressive strengths showed a reasonable
agreement with theory, in general agreement was less good for
compressive strengths at high fibre volume fractions

1l e

Interlamina shearing strength showed 1ittle variation
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with increasing fibre content, but it was higﬁi& affected, as

was the compressive strength, by the void content in the com-

positey

’ FleXUPal ppope approach

the tensile propertles, directly

with the fibre

Final
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OVERALL VOID VOLUME FRACTION Experiment
v, = 0.03 Theory Un-Necked Spec. mmowm& Poisson's Ratio
Spec.
No. of | Ve Fikre zom&mm Stren Modulus mﬁnmsm.g mﬁHmsmnw Theory [Experiment mﬁmﬂmmﬁ.m Q<mHme
5PEC .« arrange- | N/mm N/mm N/mm N/mm N/ Deviation mode of failure
ment (strength)
5 |0 - 4100 49 3214 - 51 0.330 0.360 7.5 Tension
5 |0.27|Uni-0° 21500 | 40l 19227 | 420 438 |0.309 0.294 5.2 Splintering
5 |0.39|uni-0° 29900 | 564 24381 | 571 565  0.291 0.276 8.1 Splintering
5 |0.46|uni-0° 34800 | 658 27655 | 616 627  |0.283 0.275 5.6 splintering
5 |0.57|uni-o° 41900 | 792 32787 | 725 740  |0.269 0.270 6.2 splintering
5 |0.64|uni-0° 46800 | 887 41000 | 858 830  |0.260 0.257 7.3 splintering
5 0.27|tni-30° 7720 | 102 8696 89 94  |0.438 0. 600 8.5 Tension
5 |0.27|vni-45° 5390 73 8000 60 62 |0.406 0.320 9.1 Tension
5 |0.27|Uni-60° 4700 57 4762 39 0 |0.265 0.270 9.2 Tension
5 |0.27|uni-90° 4730 49 5500 30 32 |0.071 0.070 7.5 Tension
5 10.27|Ccross-ply| 12990 | 319 15152 { 303 303 |0.167 0.100 6.1 Splint & Tension
0,90,90,0
5 |0.27|Angle-ply| 5780 73 6250 77 77  0.53 0.370 7.7 Tension
45 x 45
5 10.46 0mwmwm»m 17540 | 356 17790 | 327 - 0.485 0.320 8.1 splint & Tension
-45,45,0

Table (3 - 4)

TENSTLE PROPERTIES OF GRP COMPOSITES




[
—
(7
—

OVERALL VOIDS VOLUME FRACTION * Results of Prismatic specimen

Experiment
v, = 0.03 Theory Un-necked Spec.| Necked Poisson's Ratio
spec.
No. of | Vg fibre zomcpwm mﬁHmbmﬂw zomcwmm mﬁwmsmﬁb strength |Theory exper iment mﬁmdmmwm o<mhmww .
spec arrange- N/ N/ N/ N/ N/ram Deviation | mcde of failure
ment (strength)
5 0 - 4100 91 3226% 94* - 0.330 0.350 7.1 shear
5 10.27 |Uni=0° 21500 | 310 | 16129 | 241 277 [0.309 0.30 9.2 shear
5 10.39 |Uni~0° 29900 449 23256 317 370 0.291 0.285 10.1 shear
5 |0.46 |Uni~0° 34800 506 26316 330 380 |0.283 0.280 8.7 Delamination
5 10.57 |uni-0® ' | 41900 619 32787 398 385 0.269 0.280 7.6 Delamination
5 |0.64 |Uni-o° 46800 733 40000 385 365 0.260 0.273 8.5 Delamination
5 |0.27 |uni~30° 7720 110 9375 139 145 0.438 0.500 10.2 shear
5 |0.27 |Uni-45° 5390 90 7692 117 128 0.406 0.580 12.3 shear
5 |0.27 | Uni-60° 4700 85 5500 100 105 0.265 0.320 11.5 shear
5 |0.27 |Uni-90° 4730 91 6000 87 90 0.071 0.125 9.5 shear
5 ]0.27 |cross-ply | 12990 180 18950 194 219 0.167 0.190 8.2 Delamination
0,9,90,0
5 |0.27 |Angle-ply | 5780 0 8070 110 98 0.53 0.430 8.8 shear
45 x 45
5 10.46 o\hmwlam 17540 195 16670 183 ~ 0.485 0.320 9.6 Delamination
-45,45,0

Table (3-5) Compressive Properties of GRP Composite
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b/t = 2.5
B /Gy = 1°
X = 1.17 (Fram fig. 3-16)
\Y = 0.03
v
Interlaminar Shear Strength AZ\BENV
(TLSS).
No. of <m Bending Theary |Corrected Bending Corrected Bending |standard overall mode |Shear medulus
spec. (voided) AMMMMMMV AGMMMMMMQV deviation |of failure Z\%am X Hocu
span/depth .
HMWMO ® - - 4:1 4:1 4:1 - - Ext. |Theory
5 0.27 42.73 50.00 64.77 1.50 shear 3.3 1.8
5 0.39 41.54 48,60 64.33 2.75 shear 2.6 2.3
5 0.46 43,98 51.46 69.92 , 4.20 shear 2.8 2.7
5 0.37 41.35 48.38 68.14 1.20 shear 3.6 3.4
5 0.64 38.86 45.47 66.57 4,20 shear 4.0 4,1
Table (3-6) INTERLAMINAR SHFEAR STRENGTH

TEST RESULTS
FOR UNIDIRECTIONAL GRP COMPOSITES
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l

o<mHmHH Void Content

v, = 0.03
Flexural Strength Flexural Modulus Standard
AZ\EENV AZ\BSNV Deviation
No. of <m A *w_ Bending Corrected | A *W_ Bending| Corrected| Str. Mod. Mode of
Spec. L Theory [Bending L Theory |Bending Failure
Theory Theory
span/depth ratio - - - - 40:1 40:1 - - [00:1 |100:1 - - -
5 10.27(0.158 |1.156| 337 390 0.063 |1.040, 16423 | 17080 17.5| 95 Compression
5 (0.39/0.113]1.080| 556 600 0.045 (1.03Q 23175 | 23870 10.7 | 60 [Campression
5 [0.460.1091.060| 637 675 0.043 |1.020¢ 26490 | 27020 15.3 {102 (Tension
5 10.57[0.091]1.050| 686 720 0.036 [1.010 32366 | 32690 5.1 {115 {Tension
5 10.64|0.071]1.030| 815 840 0.028 |1.008] 40555 | 40880 12.8 | 86 |Compression

Table (3 - 7)
Flexural Properties of Unidirectiocnal

GRP Canposites

*w. : Correction factor
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Fig. 3.69  Tenstle failure of undirectional
GRP composites




ARSI

Fig. 3.70 Tensile modes of failure of GRP composites
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Fig. 3.76

Different modes of failure of flexural test specimens
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197.

Introduction.

In Chapter 3 a wide structural characterization
of GRP was investigated. As a result, it was shown that in
contrast to most conventional materials, GRP's strength and
stiffness can be controlled by the orientation angle, stacking
sequence, and the fibre content of the laminates which form
the GRP composite. It was also shown that although reasonably
high strengths were achieved from the various types of GRP
composites investigated, the modulus values associated with
the strength results were very low if compared with the
modulus of structural steel which is about four times that of
GRP. Thus in structural uses where stiffuness rather than
strength are critical, it would be advantageous to improve
the modulus of GRP composites.

An effective way of improving the modulous is by
the introduction of steel wire sheet. A composite consisting
of steel wire-glass fibre reinforced plastice, referred to
as SGRP, will be described in this ohapfer and its properties

investigated.

General Definition.

o

Steel-wire sheet is an arrangement of parallel
wires laid on a suitable siub-base, as shown in Fig.(4-1).
Normally the wire used is 0.25 mm (0.0l in.) diametef hard
drawn, brass coated steel wire. Its breaking strength is equal
to 2.52 to 2.75 KN/mm®, i.e. 133-135 N/wire. Other wires can,
of course, be used, for instance, rocket wire of 0.10 mm
diameter with a breaking strength of L4.13 KN/mmz, or stainless
steel or nickel alloy wires where resistance to very low

temperature is needed. The substratum or carrier on which



°
Q
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—

wire sheet

Steel

Fig. 4.1.

e
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the wires are arranged is normally a very thin glass fibre
tissue, bonded poiyester cloth, wovea glass cloth, thin
layers of expanded polystyrene, and even papsr have been
used for some purposes, (ref.i-1). The resin which is used
to bond the wire to the sub-base, is normally a polyester
resin which adheres very well to the cleaned wire and to
which ths laninating resin, which is normally a polyester
or epoxy resin, adheres in its tum.

The stress-strain curve of this material is linear,
nearly up to failure. A slight non-linearity is usually noticed
in the region of 85-90% of the ultimate stress. Fig.(4-2)
shows the stress-strain relationship for the high tensile steel
wires compared to E-Glassfibres, and polyester resin (ref.L~2).

The advantages of using wire sheets with GRF com-
posites are given below:

a) Increasing the modulus of elasticity at room temperature
and at elevated temperature of the composits.

b) Increasing the modulus of rigidity of the composite.

¢) Reducing delamination and interlaminar shear failure.
This is because of the very good wetting between resin
and wires and hence the low voids content.

d) Reduced depreciation of strength with time due to
static loads.

e) Fewer impregnation or wetting-out problems.

Nominal properties of commercially avaiable wire sheet produced

by the National Standard Company can be found in Table (4~l).

A comparison of the mechanical propertis of the wires of the

sheet ani other reinforcing fibres can be found in Table Le=2)
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4.3) Theoretical Prediction.

201.

Since the flexural perertiesjof/fibre reinforced

composites are dependent upon both tensile and compressive

properties, the investigation described in this chapter will

be concentrated on tensile, compressive and interlaminar

shear properties..

.3.1) Tensile Properties

The rﬁle*bflmixiure is adopted as a reasonably
accurate method for’préﬁié%ing the‘sfrénéth and the modulus

of SGRP composites in the direction of. fibres. Thq\valgé\g

for longitudinal strensgth given by tﬁé’rulesgqffm

’ 4.372)

assuming that the strain in the wires is the same as that

in the glass fib c
S = s ,
where, the volume rcement Vo = Vet ¥

and

g

5 the ultimé%ééteﬁ$//_ Strehgthiof:stéel wire, taken

as ZlOZ'N/hm?v(§OG}QQV

q

tensile stress of glass fibr§3'atgthepébmébéi_\

failure strain,

)

tensile stress in the resin matrix at the composite

failure strain. -

The‘longitudipélsglagiiczm:

As mentioned in Sébfion?(B,B.Z(i;)L the\mode\of\\

"ffHCDmprGSSive\failure of? unidireotional.fibre composites is

the buckling of olumn on an elastic foundation. According



Wire:

Hard drawn high Carbon Steel, brass plated

Diameter; = 0.254 mm

Tensile Strength 2628 N/mm®

Tensile Modulus 210231 N/mm?

Breaking load per wire 14 kg,

Elongation to break Minimum 1.5% average
approximately 2%

co_‘8e o6 oo oo

Wire spacing

iy : 23,6 15.7 11.8 7.9
Weight . 2 g
s . 1.03 0.71 0.54 0.38
Welpght loftwine sl - o 0.937 0.625 - 0.468 0.312
ke/m
Width
CIIJ.. i \

Backing material:

Gla

Table (L-1)

NOTE: Data taken

Nominal Properties of Wire,; Shset
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to this, the compressive strength of SGRP is given by:-

FL(C) = 0.25 1 (4.3) .
1- vy 7 \

+is the-reduced matrix shear modulus due to voids.

upper bound ofﬂ£hé:ii

where L siend G e s SRe B A% 2.
VR : (1~Vv),VR/ = 3 I Wy s , o :j 2 (4. 5)

is the voided;vo}ume fraction,of reinforcement in SGRP,

and

modulus canfbe-pﬂé;
 nd by the

aid of equat

Interlaninar Shear Strenst

Interlaminar:ShéaffSﬁféﬂgﬁhf(iLSS)fin SGRP com-

strength of the resin matr;x :,' /

composites.

for Specimens.

wire sheets of hard a/c 'h:ééfbdn/stéél brass

lated Compoged oP about 2L wlres/cm, (60 wmves/ln )

wlth an undor mat of gT "fibre non—wogqn t1ssue.°These

sheets are supplled.by‘mhe;Natlonal Standara Company ,

Kldderminstep; E




4oki)

L..5)

1. 6)

Descriptibn of MouldsfahdfMouIdih?fTechnique.
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b) Glass fibres, resin and catalyst are the same as those

described in Ssctions (3.6.3 i and )

‘The mould used in preparing the SGRP sheets was of

metal from which sheets could be produced of dimensions

1I50P P50 ibinn, e e

The moulding technique adopted was the same as that

‘described in Section (3(6:4)3%u£*th6fnuhbeffbfireinfOrCing

layers used in the composite was three, one wire sheet sand-

wiched between two glass fibre layers. This\Sﬁaéking$§gQQ§h§éj*ﬁy“*f

gaVe,the follOWiHSJCOmpOsité/;:’/17/

Volume COnten%
VOIumé con
Volume content
Volume comtent of air voi

Total volume éonténézoijr/f
reinforcement n /

The above PTOPeTthS were dutermln ,'@ggqrdi ’“

Sectlon (5 6 9)

Details of 80901meﬁg aﬁa’tést procedures.

The desxgn conéideratwon applying thgsé;SPecimens
are the same as tqgsg ;n'S:ct;
were used to degé%éi é/ /;n;§h§4directioﬁ

oft the r einforcement Whi@b;" f;Qgﬁcern‘in this
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Tension tests.

The uniform cross-section (un-necked) specimens
described in Section (3.6.5 ii(b)) was used to characterize
the SGRP composite in longitudinal fension (i.e. strength,
modulus, Poisson's ratio, and stress-strain relationship).
The necked specimenw as not adopted because of difficulties
of machining and problems of time and cost. Details of the
specimen are shown in Fig.(3-11B, Chapter 3).

Preparation of specimens and test prbcedure are
similar to that mentioned in Section (5.6.5 iv) for GRP

specimens.

Compression tests.

The specimens used to characterize SGRP in longitudinal
compressionw as the straight edged (unwaisted) specimens
described in Sesction (3.6.6 ii(b)). The waisted sgecimen was
not used for the reasons mentioned in Sections (4.6.1), and
(3.6.6. ii b(2)).

The shape of the specimens was simila r to the
GRP specimens shown in Figs.(3-12 C and D), but the slender-
ness ratio used on the SGRP specimens was 17:1 which made
the clear length of the specimen between the aluminium end
fittings equal to 13 mm. and the overall dimensions
43 x 12.5 x 2.5 mm,

Preparation of the specimens and the test procedures
were similar to those mentioned in Ssction (3.6.6 iii) for

GRP specimens,

Interlaminar Shear Strength test.

The short beam specimen was adopted for the deter—

mination of ILSS of SGRP composites., In order to ensure a
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shear failure in the specimen and in accordance with
Section (3.6.7) and Fig.(3-15), the span/depth ratio
chosen for the specimenw as 4. This ratio being consistent
with a flexural/shear strength ratio of about 14 which is
about average for the SGRP composite investigated. The
overall dimensions of the specimen were 15 x 10 x 2.5 mm.
The test loading system and test procedure were
the same as those described in Secfions (3.6.7 iii and iv)

for GRP composites.

Bynerimental Results,

A11 the experimental results, compared with theory,

are given in Table (L4-3). A comparison between the experimental
results for various GRP composites and SGRP composites are

shown in Table (h.k4)o

4.8) Discussion of Experimental results and Comparison with theory.

Stress-Strain Relationship

The tensile stress—strain relationship for the
SGRP specimens investigated was linear up to failure with
an average ultimate strain of 1.6% which is nearly equal to
the ultimate strain of the steel wire, see Fig.(4.2).

The compression stress-strain relationship was
also linear up to failure and showed a lower ultimate
strain than in tension which did not exceed 1%. This
may be due to the effect of local instability of' the re-
inforcement which occurred at a lower compressive strain
than that occurring in tension.

Stress—strain beshaviour of SGRP under repcated
load in tension or compression up to 10 load cycles, proved

to have an insignificant effect and no irrecoverable strain
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appeared 1in either case,

Stress-strain relationship in tension and com-

pression are shown in Figs.(4=3 to 6).

Tensile Properties.

(1)

Strenzth

The experimental results show excellent agree-—
ment with the theory of equation (4.1),from Table (4-3) the
experimental results are seen toc be within 10% of the
theory. Thus the law of mixture, represented by equation
(4.1), predicts the tensile strength of SGRP more
accurately than GRP. This is most likely due. to the
lesser amount of misaligned reinforcement in the wire
sheet than in the unidirectional glass mat, The lower void
content of SGRP relative to GRP would also explain the
improved SGRP property.

A graphical representation of equation (4.1) is
shown in Fig.(4-7) illustrating the variation of
longitudinal tensile strength with respect to different
reinforcement volume conbtent of GRP and SGRP composites.
Fig.(4.7) is useful for design purposes as will be shown
later in this chapter,

The failure mode of SGRP specimens in tensionwas
founl to be a combination of clean fracture of the steel
wires across the spzcimenwidth, together with a non-
uniform flailure due to sélintering of glass fibres. The
mode of fracture of the‘steel wire indicates uniform stress
transfer from resin to wire, whilst the splintering is a
common mode of failure in unidirectional GRP composites.

It's main cause, is the presence of voids trapped in the
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(1)

(41)

contd.

fibre bundles which tend to disturb the stress transfer
from the resin to fibres and stress concentration
takés'place. A typical failure of an SGRP specimen in
tension is shown in Fig.(L.8).

Longitudinal Modulus.

Like tensile strength, the experimental results of
longitudinal modulus of 3GRP agreed reasonably well with
the theory presented by equation (L.2), which may be used
to design purposes within certain limits of accuracy. For
design use Fig.(4.9) shows the variation of the longitudinal
modulus with different volume contents of reinforbement

for both SGRP and GRP according to equation (4.2).

Compressive Properties.

(1)

Strength.

Unlike teﬁsile strength the expsrimental results
for compressive strenght were not in such good agreement
with the theory presented by equation (4.3). But in general
they were accep@ble to the same extent as those obtained
for GRP specimens (see Table 3-5, Chapter 3).

A design chart showing the variation of compreésive
strength with different reinforcement contents & GRP and
SGRP composites according to equation (4.3), is given in
Fig.(L4.10).

Modés of failure in compression are analogous to
those observed on GRP specimens., These modes are the
delamination and‘sﬁear modas. The first type is common
when the reinforcement is the critical phase in the
composite as shown in Fig.(4.11A). From Fig.(k.114) it

can be seen that the delamination took place as a result
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(1) contad.
of the local instability of the reinforcement, (i.e.
the steel wires and glass fibres). The second mode of

failure, the shear mode, is common when the resin . is

the critical phase in the composite (i.e. in the case
of low reinforcement contesaf ani/or when the stressing
is perpendioclar to the unidirectional reinforcement).
See Fig.(4.11B).

(ii) Longitudinal Modulus.,

Compressive modulus results showed nearly the

same agreement with equation (4.2) as the tensile
results, so that for design purposes, Fig.(L.9) may

be used for both tensile and compressive modulus.

4.8.4) Interlaminar Shear Strength,

Interlaminar Shear Strength results were in
general higher than those obtained for GRP specimens. This
is related to the lower amount of voids present in the
composite as mentioned earlier in this chapter,

The experimental results for ILSS shown in
Table (4.3) represent the corrected voided simple bending
theory results due to the width/depth ratio effect. The
correction factor K = 1.30 was obtained from Fig.(3.16)
Chapter 3. For EL/G-LT ~ 10 and b = 4, The results also

t

showed a closer agreement with the predicted values.

4.9) Design Considerations.

The SGRP composite investigated in this progran
were formed from three layers stacked as Glasslayer, wire sheet,

Glasslaywr. This packing was considered as a basic form of

R e L s o
SGRP composite and the intention Wdu_to substitute one layer
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of wire sheet for two layers of glass fibres in the L-layered
GRP composite. A comparison could then be made between this
basic SGRP and the 4-~layers unidirectional GRP investigated
in Chapter 3.

From Table (L4.4) it can be seen that the experi-
mental results for the tensile and compressive modulus of
SGRP are much higher than the modulus of hrléyer GRP in
tension and compressibn, inf act it more nearly matches
modulus results of the 6-layers GRP. No considerable
differences is evident in the s trength results between SGRP
and the 4-layers GRP but the SGRP showed a higher density and
reinflorcement content thzn the 4-layers GRP (see Table 4.4).

As a result of this analysis a conclusion can be
drawn that the introduction of steel wire sheets into the
GRP has a single benefit of increasing the stiffness.

To make the problem more unified and for the sake
of rapid and safe design, design charts have been prepared
showing the relation between the number of layers in the
composite, the thickness of the composite and the volume
content of fibres and wires in the éomposite. These charts
are shown in Fig.(4.12) and canbe used in connection with
Figs.(#.?, 9 and lO) to design a composite unit according
to the needand requiremenf.

For example, consider the design of a composite
of 5 mm. thickness for a required longitudinal modulus of
100 KN/mm® (14.27 x 108 psi). With what reinforcement content
should this composite be designed? Will this composite
be manufactured from GRP or SGRP? If from SGRP what percentage
of wire reinforcement and glass fibra should be used in the

composite? What is the number of reinforcing layers to be
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used? Finally, what tensile ang compressive strengths will
the composite possesses?

To answer these questioné Fig.(L4.9) may be used to
find which volume percentage of glass fibres and steel wires

will achieve the required modulus value wanted. From this

figure, three types of composite are found to be suitable,

vizs--
SGRP(1) with Vo = 0.05 and V_ = 0.15, gives V, = 0.50
SGRP(2) with Ve = 0.20 and V_ = 0.40, gives V = 0.60

1
1

SGRP(3) with Ve =0.35 and V, = 0.35, gives V

R

The tensile and éompressive strengths for each of

0.70.

the above three composites may be found from Figs.(4.7 and 10)

respectively, viz:-

Tensile Strength Compressivé

Ve v (N/mm®) ?E;;g§§h
SGRP (1)  0.05 - 0.45 1025 565
SGRP (2) 0.20 0.40 1100 710
SGRP (3) 0.35 0.35 1175 945

Table (4.5)
Table (4.5) shows that SGRP(3) is superior to the other two.
To complete the design, the number of layers of glass fibre
and steel wire should be known for each composite to
make the total thickness of the designed unit equal to Smm,

Thus from Fig.(4.12), Table 4.6 may be prepared:-

SGRP (1) SGRP(2) SGRP(3)
v v

£ s Vf ) Vf VS

Number of layers
for total 5 mm. 1 9

thickness

(SX)
..\J
(2N
[0¢]

Table (4.6)

To achieve a symmetric arrangement of layers about

SESIRE S

B
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the thickness centre line SGRP (3) should be chosen as the
best type of composite that meets the requirements of the
desligne

The properties of the designed composite are

repeated below:-

Total thickness of composite : 5 mm,
Total number of layers : 1k
Number of glass fibre layers : 6
Number of wire sheets : 3
Total volume fraction of reinforcement : 70%
Volume fraction of glass fibure : 35%
Volume fraction of steel wires : 35%
Young's Modulus : 100 RN/mz®
Tensile strength ¢ 1175 N/om
Compressive strength s 945 N/mm?
Stacking Sequence :  GGSSSSGG3SSSGG

where (G) refers to glass layer and (S) refers to steel wire

sheet.

TR

Note that Fig.(4.12) has been arranged only for
the type of glaés fibre and wire sheet used in this project.
Similar charts for other types of glass fibre and wire shest

canb e easily produced to meet a wider design requirement,

4.10) Conclusion.

The introduction of steel wire sheet to glass re-

inforced plastic effects a considerable improvement on the
material modulus as shown in Tables (3.3 and 4). Design re-
quirements may be achieved by using the design charts in

Figs.(L.7, 9, 10 and 12).

Like mos+t GRP composites, the stress-strain relation-
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ship in tension and compression were linear up to failure.

The ultimate tensile strainwas about 1.6% which is nearly

the same as the ultimate strain for steel wire, while the
ultimate compressive strain did not exceed 1% (Figs.4.3 and 5).
This means that SGRP composites show less deformation to
failure than GRP composites which experience failure s trains

of about 1-3.5%,

SGRP composites shows good resistance to repeated
load in tension and compression and no permanent deformation
was observed after ending the cycling lozd, see Figs.(L.4 and 6).

Tensile properties showed an excellent agrecment |
with equations (4.1 and 2) while compressive results, like
GRP, showed less agreement with the theory presented by
equation (4.3). Interlaminar shear strength showed a highsr
value than that obtained in GRP, probably because of the
lower amount of voids éresent in SGRP composites under
investigation.

The use of steel wire as reinforcement to improve
the stiffness of GRP is a new field of design ani its advantage
is the combination of these two materials to form a new fe—
inforced composite which combines the advantageous properties

of both materials.
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Fig. 4.8 Typical tenstle failure of SGRP  specimen
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Modes of compressive failure of SGRP specimens

Fig. 4.11.
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CHAPTER 5

THE STABILITY OF GRP PLATES.
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Introduction,.

As previously mentioned in Chapter 2, GRP sections
should preferably be thin in order to maintain a reasonable
overall cost of the element to be manufactured and to reduce
the effect of the exothermic action during the curing stage,
this is of considerable importance if the thickness of the GRP
element is greater than 12 mm and the moulding technique is
by a mechanised method (i.e. singlec stage moulding).

Thin walled scctions create no problems if used in
tension but the situzation is completely different if these
sections are used uncer compression or shearing when instability
becomes a major problem.

Fiat rectangular plates may be considered as the
basic elements of thin walled open or closed sections, so
this chapter will cover an investigation on the stability of flat
GRP plates under uniaxial compression or pure shzar, The
investigation will be concentrated on tas effect of fibre
arrangemént and plate dimensions (i.e. aspect ratio) on the
buckling load under certain boundary conditions which will be
defined later in thié chapter. The design consideration of
GRP plates that fail by instability and yielding simuitaneously

will also be considered.

Basic assumptions:

In most practical applications of thin plates the
magnitude of the stresses acting on the surface parallel to
the middle plane are small compared to the bending and membrane
stresses. OSince the plate is thin, this implies that the
tractions on any surface parallel to the midplane are relatively

small. In particular, an approximate state of plane stress

exists.
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A standard x,y,z coordinate system, as shown in

Fig.(5.1), is used in deriviug the equztions. The displace-

ments in the x,y,z direct.on are denoted by u,v,w, respectively.

The following basic assumptions are made (ref.5-1):

1. The plate is constructed by an arbitrary number of layers
of orthotropic sheets moulded together. However, the
orthotropic axes of material symmetry of an individual
layer need not coincide with the x-y axes of the plate.

2, The plate is thin, that is, the thickness h is much

smaller than the other physical dimensions.

3. The displacements u,v,w are small compared to the plate
thickness.

4. In-planc strains €_,e and € are small compared to

Xy Xy
unitye.
5. All plates ars symmetrically laminated so that Bij
matrix all vanished, see Scction (3.3.5).
6. Transverse shear strains €4y and syz are negligible,
7. Tangential displacement u and v are linear functions
of the z-coordinate.
8. The éransverse normal strain €, is negligible.
9. Each ply obeys Hooke's law.
10. The plate has constant thickness.
1l. Rotary inertia terms are negligible.
12. There are no body forces.
13. Transverse shear stresses o and O&Z vaiish on the
surfaces zz+ h/2.
It should be noted that assumption 6 is a direct
consequence of plane stress. Together 6 and 7 constitute the

classical assumptions of Kirchhoff. Assumption 8 allows the

problem to be rcducea to a two dimensional study of the midale
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Fig. 5.1 Coordinate system of plate
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Fig. 5.2 Schematic  diagram of a typical test
specimen  with assumzd  load and
boundary conditions
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plane.

5.3) Theorstical Prediction of buckling load.

5.3.1)

where

and

bending of an anisotropic plate subjected to an in-plane
edge loading and neglecting any bending-membrane coupling

terms: (refs.5-2 and 5-3),

o* *w otw i
prrdli 4D4ig prepe + 2Dg '—a-;g-ayz + 4Dga¢ T Oy
4 2 2 2
! a*w 9°w . 9w ;oW
T i 5} e —
+ Laz 72 4 NX an2 4ny T5dy - o
Ds = Dia + 2Dge
w = f(y) Sin Egz .

presented in the folloving.

Specially orthotropic plate theory.

shownr to be governed by equations which are less formidable

than those governing more general lamirated plates, in fact

231,

The classical anisotropic plate formulation is

represented oy the differeutial equation which describes the

Many other equations have been derived which
represen’ special corditions of the fibre and layer szrrange-

ment in the plate., The thcories behind these equations are

(5.1)

Specialily orthotropic laminated plates have bLeen

these plates can usually be anulysed with the came technicues

used frequently for isotropic plates.

Since the analysis of specially orthotropic plates

is mere casily handled, laminated plates have in the past often

been

is important to note, howmever, that the only lavinated plut

a5 Sume

N
i

B

to bchave as such soecielly octhotipic olu

which strictly qualify as specially orthotropic plates

i 1 BN e PR 1 Sty .
those lominated symmetrically where the laninate principle
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coincide to those of the plate, Because of this, the normal
stress—-twist curvature terms D;s and Dag will vanish from

equation (5.1) which becomes, (see ref.5-1,3 to 5-8),

Fw o*w w 3w
Drrgxi v B Gragpm * Daa g v Ny g
w Pw
+ 2N = e - =
xy oxoy TNy E =0 (5.2)

Egquation (5.2) is the specially orthotropic plate formulation
under general in-plane edge loading. A thorough discussion

on this theory and its derivation may be found in ref.(5-1) .

Mid-Plane Symmetric Laminated Plates:

In this section, a more general laminated plate
than the ovrthotropic plate will be considered. In particular,
the Die 2nd Dae are considered in the analysis, ref.(5-1),
and also appear in the general equation as will be shown later.
The stiffness coupling matrix terms - the Bij ~ are also assumed
to be zero.

Laminated plates for which the Bij terms do not
exist but which exhibit non-zero Dig and/or Dag terms are
an important class of plates. They are equivalent mathematicelly
to homogeneous anisotropic plates. OSuch plates occur when the
laninate possesses mid-planz symmetry, (i.e. when there is a
lamina above the geometrical mid-plane at the same distance
from the mid-plane and having identical orientation and
propertiecs for each lamina below tae mid-plane). The laminate
principls axes are not necessarily coincident with the principle
axes of the plate.

The general formulation for this type of plate
is similar to cquation (5.1).

A detailed analysis of these plates may be found

in ref.(b-1).
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5.3.3) General Laminated Plates tusory:

In the previous two sections, the types of plates
presented were for laminates exhibiting mid-plane symmetry
with regard to the stacking sequence of the individual layers.
General laminated plate theory covers the analysis
of those plates wiiich are unsymme trically laminated. Because
of this, the effect of the Bij coupling terms has been con-
sidered in deriving the general equation which may oe found

in detail in ref.(5-1).

5.3.4) Numerical Methods.

Buckling loads for plates for which the D,g and
Daeg terms are of the same order of magnitude as the other
flexural stiffness terms cannot be found by classical orthotropic
taeory. A numdber of numerical methods are available which can
be appiicad to plates of this type and represented by the Ritxz
method and Galerkin method. A thorough discussion on these

methods and othsrs may be found in ref.(5-4).

5.4) Buckling of GRP rectangular Plates under uniaxial compression:

The general aim of studying the stability of GRP
plates under uniaxial compression, is to determine their
characteristics under this type of loading, in order that they
may be used for design purposes if these plates happen to be used
as a compression flange of a GRP flexural member or as a part of
a thin walled compression member.

In order to achieve this purpose it was necessary
to meet the following requirements:

1. Suitable test specimens had to be fabricated with a good
surface ana thicknesé uniformity in order {o minimize ths

amount of irregularities that may have a major effect on

- . 3 ~ a2da R 1
tho buckling loud. Also, the size of specimens made hac ©o
1 s L doaly ~ . - &
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2.

contd.

be adequate to extract stre.gth and modulus coupons for

mechanical properties determination after buckling tests

toox place.

A method had to be found to determine when the critical

load was reached in a plate.

A test arrangement capable of imposing the desired boundary

and load conditions had to be designed.

5.4.1) Test Specimens:

The plate specimens listed in Table (5.1), were

simply supported at the loaded ends and fixed at the unloaded

+h5,—451_h5:+45

edges.
No.of Plate Dimensions
specimens Type Material Configuration (mm)
2 1 GRP Uni%}rscti%nal -0°- 4L 20x2.76xL .51
- (\,Ji‘f
> 2 GRP Angle - PLY
+45,-45,-45,+45 L20x176x5.03
2 3 GRP Cross- PLY L20%x176xk .85
0,90,90,0
2 L SGRP Unidirectional -0°- L20x176x2.95
G.S.G.
2 5 GRP Unidir<ctional -0°- 651x176x4 .87
L4~Layers
2 6 GRP Multidirectional L20x176xk 46
O; +2*‘5)—)+5,—',+5;+45JO
2 7 GRP Cross - PLY 651x176x4.06
0,90,90,0
.2 8 GRP Angle~-Ply 651x176x4.22

Table (5.1)

The boundary condition mentioned above will be

called simple-Tixed support throughout this chapter.

5.4.2) Theovetical Predictions

It is cicav

from Tuble (5.1) that all the GRP
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5.4.2) contd.

plates investigateu were symmnetrically reinforced about the
middle verticle and horizontal planes. So that, the theory
that fits these requirements is the specially orthotropic
plate theory which has been adopted to predict the buckling
load theoretically. This theory is represented by equaticn
(5.2) wnich hzs been contracted to take the following form

for uniaxial compression,

9w 9%w g*w S w
I x4 + 2Dg W + Dgo %Z + NX E{-g =0 (5.3>
where
E_t° . o
Di = Dys = X in the longitudinal
l2(l—vxvy) direction,
(5.32)
E 3 .
D3 = D3y = X in the transverse
12(1-v_v_) direction
Xy
and

Ds = %(vxpy + vyDX) + 2(G1)Xy

3
) &

where 2<GI)Xy = 1s the average torsional rigidity, see

Fig.(5.2).
An approximate solution for orthotropic plates
with both unloaded edges fixed was given in refs.(5-3 and 9),

from which the ouckling load may be predicted by the following,

?IDiDs | [Da/dN?, 8ve  Da_ , 167 D2 /& (5.4)
By |:«]sz<¢> 57 5 T T @

where ¢ = b,lS the aspect ratio of the plate. The smallest

Ne(er) ©

value of N ( ) occurs for n = 1. Consequently the critical
cr

load will be determined from,

_ 20Dy | [DaiN o o7 _Da, g5 33 IDQ( } (5.5)
Nx(c ) 5% Jpz\¢> JBIBS- m/

Let the buckling coefficient take the following form,
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contd.,
B PRV Ds Da (&
Ky = B ¢> + 2,67 -2 533 ' = <> (5.6)
ID2Da
to minimize equation (5.6). Consider d Ky =0

from which the minimum K, occurs when

b
é'_ 4 E&
i 1.52 }51 (5.7)

substituting equation (5.7) inot equation (5.6) yields,

Ky(nin) = 267 (?.73 + _Ei_) (5.8)

‘ JD1D3
and the critical buckling load is given by

7DaDs (5.9)

Nx(cr) - b3 * Kb(min)

From eguation (5.7),

¢ = 0.658 o 4}%: (5.10)

where ﬁ is always an integer.

Ref.(5-3) gives the boumdary conditions of the
plate aspect ratio ¢, when the same value of Nx(cr) occurs
from m and i+l half-waves in the x-direction. These bouniary

conditions are as follows:-

If 0<¢< 0.931‘ﬂ%§ , thenm = 1

4[@1 £ 4I§; 1=
If 0.931 1D < ¢ < 1.61 1Dy then m = 2 (5.11)
If . Ei < ¢ < 2.28 J—i , then o= 3

Finally, in order to determine tne critical buckling
. [ -
loud for a given aspect ratio, the value of m should be deter-
mined f{rom equation (5.11), (i.e., establish the location of a

i 0 . / . .2 .
given ratic in this formula), and by finding m,the critical
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contd.

buckling load can easily be found from ejuation (5.5).

For plates with & highsr aspect ratio than those given

by equation (5.11), their critical buckling losd can be

predicted by equations (5.8 and 9).

Test Arrangements:

The plates were subjected to compressive loads
as shown in Fig.(5.3). The edges of the plates were
supported by an aluminium frame in order to simulate the
boundary conditions assumed in the theory. The frauns w15
adjustablz to accommodate plztes of different thickness,
(see Figs.2.3 and L ). The load was either read out

through a load cell or else read directly off the testing

machine., Deilectiors were measured by dial gaugss for an

accuracy of 0.01 mm., (see Fig.5.5). Strain was measured
by electrical strain gauges similar to those mentloued in

Chapters 3 ard 4 and shown in Fig.(5.3).

Tazt Procedures

The plate was positioned under the loading machins
in an eccurate verticle position. Then the load was applied
to tns plate and released repeatedly for two or three times
until uniform and constert readings were obtained from the
dial gauges. This takes out much of the misalignment in the
fixtures., The test was thern run and,deflections were normally
taken after every load increment up to at least one~half the
plete thickness and often Lhigher than this limit.

Strain goaie readings were obteined after every
load increrment by the aid of' a computerized data logger.

The loading was usually stopred al'ter a4 clear



Fig 5.3.

Plate under test, view showing the supporting
frame and the strain quage position
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Fig. 55 . Plate under test view showing the supporting
frame and t1he dial gquage positions
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5.4.4) contd.
buckling pattern could be observed on the plate under test,
after which test coupons were extracted from the plate for
modulus und s trength determination acceording to the methods

mentioned in Chapter 3.

5.4.5) Soutawsll Plot:

Classical plate buckling theory assumes that a
plate remains flat as it is loaded until the critical load
is reached, at which time the plate assumes some deflected
shape., All real plates, however, have some initial
curvaturs or are loaded eccentrically and will deflect as
they are loaded. The experimental verification of most
buckling theories, then, will require some criteria for
determining when the actual plate would have reached its
critical load, had it remained flat during loading.

Southwell (ref.5-10) has shown that near the
critical buckling load the relationship between the deflections,
externally applied load, and the critical buckling load can

be expressed as:

§ = e (5.12)
x(cr
D -1
where

8§ = deflection,

as = constant,

P = applied load, and

N = critical buckling load.
x(cr)

Rewriting equation (5.12) in a more usable form

8 _ .
P Nx(or) -8 =ay (b“lj)

it is apparcut that a plot of §/P versus § should yield a
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straight line (near the critical buckling load). Further—

more, the slope of this line is equal to 1/Nx(cr)'

Gare must be taken in selecting the region in
which the Southwell hypothesis applies. Points on the
&/P versus & plots corresponding to a maximum deflection
greater than % the plate thickness cannot be used (membrane
stiffening action begins to become important), and points
well veloy the buckling region will a1lso not follow a
straight line relationship (ref.5-11).

In the present work, the results obtained from
this method are compared with those obtained from the strain
gauge readings for the same points at which the Southwell

method has been applied.

Results:

A11 buckling results are shown on Table (5.2)
which contains the experimental observations and theoretical
predictions of buckling loads. The elastic properties of
the verious types of composite plates used are shown on
Table (5.3). These properties were obtained by the methods
discussed in Chapter 3.

The mode of buckling of simple-fixed GRP plates
under uniaxial compression is shown in Fig.(5.6).

The graphical determination of the experimental
buckling loads by Soutawell plot and the strain gauge methods
are shown in Figs.(5.7 to 5.14) for all types of plates

investigated.
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Discussion:

Table (5.2) shows that the theory and experiments
are in reasonable agreement especially wi®h the strain
gauge results. This close agreement is due to the mini-
msation of irregularities by the moulding technique adopted
and the good alignment of the plates under the loading
machine and within the test arrangements.

The results obtained from the strain gauges were
closer to the fheory than those obtained by Southwell plots
for the following reasons:

1) The electric strain gauges are very sensitive to the
detection of any changes in the pattern of the plate
surface and a .sudden deviation in the strain gauge
reading can be observed as soon as the initial buckling
takes place and hence the initial buckling load can be
found, as sho.n in Figs.(5.7 to 14).

2) In the Soutawell plot, the points § versus & plots
corresponding to a maximum deflection greater than %
the plate thickness and points well below the buckling

region should be neglected from the calculation. Any

error in defining the slope of the straight line that passes

through the points in the buckling region in the above

mentioned plot coulu give a completely false determination

of buckling load.

3) During the actual testing of plates, the deflections
must be large enough so that any initial misalignment
in the test fixture, as well as any initial imperfection,
is overshadowed by the deflection due to the load. This

may require that the deflections be larger than those

acceptable for the small deflection theory and the material

behaviouvr may deviate from Hooke's law on both of which
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3) contd.

the Southwell plot is based. The problem of non-linear
elastic stability, as it relates to the Southwell plot,
has been investigated in ref.(5-11) and suggests that
the critical load is overestimated by the Southwell plot
in the case of non-linearities asscciated with large
deflection (stable-symmetric buckling). The critical
load associated with the small deflection theory was
assumed by Southwell is reasonably predicted by this
metnod, (neutral case).

Because of the variation of thickness in the test
specimens and for the sake of obtaining a reasonazbls compari-~
son concerning the effect of the type of reinforcement
employed and the fibre arraangement on the buckling load,
Table (5.4) was prepared to show the buckling resistance of
four types of GRP plates in addition to one iype of SGRP
plate of the same thickness, From this table, a conclusion
can be drawn that the buckling resistance of SGRP plate is
higher than the GRP plates for the values of fibre volume
fraction mentioned in the table, and the angle-ply (45 x 45)
GRP plate has greater buckling resistance than the uni-
directional at 0° and the cross-ply (0.90) GRP plates for
the same fibre content. So that, for design application
when compressive buckling is the ma jor desiyn criteria, it
is feasible to employ either a unidirectional SGRP or angie-
ply GRP composites.

Another case was considered in the design of GRP
plates, the case where failure of simple-iixed plates under

uniaxial compression is caused by simultaneous yielding and

O

buckling. This case is applicable where reasonably thick
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contd.
plates are employe d in a structure provided their use does
not affect the economical aspects of the design. Fig.(5.15)

shows the relationship between the thickness/width ratio

<%> , ultimate compressive resultant (N; or N ), ard the

composite fibre volume fraction (Vf) for four types of GRP
composite plates, (i.e. unidirectional, multidirectional,
cross—-ply and angle—ply). This figure can supply ths designer
with the optimum cross-section of infinitely long simple-fixed
GRP plates that fail by buckling and yielding simultaneously.
In Fig.(5.15), the cruves thzt show the relation—
ship between Nj and Vf Were obtained according to Ssction
[3.3.2(i1)] for unidirectional GRP ani Section [3.5] for the
other types of GRP investigated in the figure. The curves
showing the relationship between 4 and V., were obtained with

b T

the aid of the following equation,

[N

- 2 Ny (5.13)

4 2(JC11C2z2+ Cae)

ol

wnich is derived as follows,
The critical buckling load for an infinitely long
simple —fixed plate is given by equation (5.9) which can be

presented in the following form

L ({355s+ Ds) (5.13a)

wico

Nx(cr) )

by putting Da= Djyp4+ 2Dge and. letting Dy ,Dy be Dis,Dzarespectively
in equation (5.13a) yields

Ye(er) 3 %i 3D14D22+(D22+2Dgs ) (5.13b)

substituting now the D:j part of equation (3.83) into equation
: 5 \

(5.13b), the following equation can be obtained,
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5.An7) contd,

nz he ( R

8 [ —
NX(CI‘) 3 -'53 12 [«BC11022+(013+2C88) (D‘_L:)c)

because of the symmetric fibre arrangement in the composite
investigated the Cij values in equation (5.15c) may be
obtained from equation (3.16). In the case of simultaneous
failure in yielaing and buckling, the buckling stress should

be equal to the material ultimate compressive resultant

<i.e. Ner - Ni), thus equation (5.13c) can be written,

=4

2 ————— ———
Yoo -, =2% @ [«13011022+ (C12+20ss) (5.13a)
]

rearrauging equsztion (5.13d), ewuation (5.13) can be obtained,

i.€.
1
2
o e 2K (5.13)
2(J3011022+Caa)
where
Cza = Cia+ 20660

5.5) Buckling of GRP rectangular Plates in Purs Shear:

The objective of studying the buckling behaviour
of GRP plates under pure shear is to unierstand their response
under this type of loading system and hence enable safe design
of these plates as shear webs. Agaln, to achieve thispurpose
it is necessary to prepare suitable test specimeny a reliabls
method of determining the buckling lozd, and finally a test
arrangement that is adequate to simulate tli. bouniary and load

conditions assumed in the design.

5.5.1) Tost Specimens:

The plate specimens shown on Table (5.5), were
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260,

tested with fixed edges under pure shear loading.

{
No. of Plate Dimensions
specimens Type Confisuration (mm) .
2 1 Unicirectional 876 x 176 x L4.35
(0°).
2 2 Angle-Ply 876 x 176 x 4.20
(+#L5,=45, =45,+45
1 3 Cross-Ply 876 x 176 x 3.69
(0, 90, 90, O0)
2 L Unidirecticral 876 x 176 x L4.25
(+45°)
2 5 Unidirectional 876 x 176 x 3.1k
(~15°)
1. 6 Unidirectional 1105 x 176 x 4.16
(-45°)

Table (5.5)

5.5.2) Thsoreticel Predictions,

It is clear from Table (5.5) thatl the tlree first

types of plates investigated are of symmetrical arrangement

about thz vertical and horizontszl middle plare ard thereiore

the specially orthotropic plate theory will be applied to

these plates, (Section 5.3.1).

The other three types are

symmetric about the middle horizontal plane but not about

the middle vertical plane (i.e, the leminate principle axes

are not parallel to the plate axes) and hence the mid-plane

symmetric plate thecry will be applied for the theroetical

prediction, (Section 5.3.2). Because “he plates under con-

sideration are assumed to be unstiffened flat plates that may
be vsed as shear webe in bullt up box sections, the theorctical
prediction will be concentrated on the shear buckling of long

GRY plates.
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Spoeciaily orthotiopic platss ualer pure shear:
1% e

5.5.2(ii)

If' the aspect ratio of the plate is large (i.e.
¢ > L), then the plate m:y be considered as an infinitely

long strip. Ref.(5~1.) iutroduced the cuantity

;
Dz Lz

veEoTE

and expresses the nunerical results of
the critical load as a function of the plate characteristics

factor v. The buckling load is given by the same reference

as
when Tz < JDyDg (i.e. 1 € v < )
Ksﬂz 1 3
NKY(CT) oF Niz(cr) - b (D:)* (2a)7 (5.1L)
when Dg > NDiDa (i.e. 0 s v £1)
Ko
ay(er) O Nip(ery T ToE APaDs (5.15)

wihere the relationship between K ani v is shown in
Fig.(5.16).

To find tire bucklirg load in shear theoretically,
first find the plate characteristics factor v, then from
Fig.(5.16) find the value of KS that corresponds %o the
value of v, and finally substitute the valus of Ks into

either equation (5.14) or (5.15) depe..ding on the v value.

Mid-Plene Symmetric plate theory in pure shear:

This tiheory will be applied to plutes type 4,5
and 6 shown in Table (5.5). For these types of plates
subjected to pure shear, the general differeitial ecuation

(5.1) will be reduve=d to the following

a4
3 - .V', 64‘V f ’\.\:‘ a4 _\‘v
D . + e + 2D ..._.'.'..,....ﬂ.. l e
11 HE 4Dag 353 5y 3 5B oy T **Dzeéxayd
4. 2
I w ow i
+ Do = = 2N T ( 5.15% )
Jy 4 Xy 0Oyox : -

Thiclewann (5-9) preseuntod an approximete solutiorn for
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contd.
infiinitely long anisotropic plates clampea aloig their

longitudinal edges and gave the critical shear load asi~

b 7 12 2 D Des
> . (1 =3 _ g Lz
NKY(CT) 3 yb* P22 (+i€2 T Daa 6 Das ¢> (5.16)

also the relationship between_<%> and ¢ is given by tle

following egquation

2 _8 Da _161° _ \
+ 847 - ban 5 =0 (5.17)

Solution of equation (5.17) was obtained for the types of

lates under consideration by feeding various values of
(@]

¢ and <%> into a computer for the ranges assumed by

ref.(5~9) of Das ang 28 por simply supported plates
Daz Da2a

and with.%il assumed to be 1 for +45 and ~45 orientation
32

(these plates have equal stiffness in the longitudinal and

L

transverse directionz). The values of and = that satisfied
b

the equation (i.e. when the right hand side of equation (5.17)
was equal to or approach zero) are shown on Table (5.6)
together witli the correspording value of KS which was

obtained as follows:-

By rearranging equation (5.16):-

N b? /12 D Dz )
gﬁzﬁcr) = é—; /<'+ oo 3+ gl - 628 ¢> (5.18)
Dy = g
2
let KS = Exvg cr) b
'/‘1'2 Dzz
) 3
. . ) L© .z, Ds - ¢ Dag
* ¢ Ks - :‘?"<’- -bQ 1 B{f? + DQQ 6 DQ,Q ¢( (5019)

Examirations of the vealues mentioned in
Table (5.6) indicates that the acturl value of the

critical shear load depends upon the sign of the ratio
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G, E B
i -4 LT Ach v, v + T AUINc v + 5
From ref.(5-9), Ds _ o LT TL = L For @ = +45 or — 450
Das o L
n N
)i G..pZ \.»_: 4
n mH T {1 qu?v +m,h.m ﬁ%ﬁ?y
L L
Da
Das _ ; tt Dgp for a = L5
Dz2 I
D
Dee oo 1= Prroroa= - 45
UMD NT
T - bwiw.
7N%Aowv - auwm b2
D D D Do D
Da Dag _ 226 _ 26 - _Q, 226 _ _
Dea B +0.5 Do 0.0 Dz 0.5 S 1.0
L K L K L K L K
T ¥ s 5 ¥ S D & s o ¢ s
0 0.70 0.65 6.62
1 0.50 0.30 2.53 0.80 0.775 | 9.22 1.00 0.76 117.07
2 0.70 0.28 5.57 1.00 0.88 112.61 1.10 0.86 ] 18.05
3 0.95 1.00 8.81 1.15 1.00 }15.05 1.25 1.00 | 20,33 ]1.35 | 1.00 |25.72

Table (5.6) Shear Buckling Constants for clampled plates.
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Dog
D2z

smaller than that predicted from the spzcially orthotropic

o When this ratio is positive the buckling loa ds are

case, while wacn the ralio is negative the actual buckling
loads are greater than trhose predicted by the specially
orthotropic anslysis. Physically, the case of positive
DZS/Dzz indicates that the minimum plate stiffrness ocurs
parallel to the directicn of the resolved compressive lcad
(pure shear resolved at‘45°) while a nsgative value of this
ratio occuvrs when the meximum plate stiffness occurs
parallel to the direction of the resolved compressive load.

Dos

Reversing the sign of the ratio D is equivalent tc re-
22

versing the applied shear, Consequently these results

ck

show the buckling resistance to be highly deperdent upon the
direction of the applied shear lcad, see Fig.(5.17).

At this stage all the constants related to the
shear buckling of infinitely lorg clamped plate are known

and shown cn Table (5.6) which is similar to that prepared

by Thielemenn (5-9) for simply supported edges.

Test Arrancements:

The plates were subjected to a compressive load
applied diagonally to generate a shearing stress along the
edges of the specimen as shown in Figs.(5.18 to 20). The
aluminium frame that supported the ecges of the plate and the
detalls of the counnectiors through which the load was trans-
mitted from the testing machiine to thne plates are stown in

Fig.(5.20). Other details of the test arrangements are similar

@]

to those wentiored in Section (5.%4.3) for plates under uniaxial
compression.

The test procedwe is exactly the same as that

mentioned in Scebion (H.bad).
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Fig. 5.18 Long GRP plate under shear loading

e T T
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Fig. 5 20

Test fixture of G RP plate under shear loading
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270.

Regultss

The threoretical and experimental results for the
shear buckling ioads of a1l types of plate mentioned on
Table (5.5) are presented on Table (5.7). The elastic pro-
perties of the material of the plates under investigation shown
in Table (5.8) were obtaived by the methods discussed in
Chapter 3.

The graphical determination of buckling loads by

the Southwell plot mcthod are shown in Figs.(5.21 to 5.26) .

The eperimnental and theoretical results shown in
Table (5.7) exhibit a reascrnadle agreement which is nearly
5

£ the same crder as that obtained fran compressive buckliing

'...J

excep® for the crcss-ply plates wihich suffer from a counsiderable
amount of irregularities.,

The Southwell piot was the only method used to
determine the buckling load exgeImenta1lv, as shown on
Figs.(5.21 to 26). Unlike the compressive tuckling case, the
strair gauge method of determining the buckling load was not
reliecble under shear bscause o7 the disturbed results which
were obtained from the strain gauge readings. This disturbance

-

mzy be due to the nor-uniform end complex siress fiesic whicn is

-2

generated in the plate under this type of stressing system.
The edge supports and the aspect ratio chosan for
the plates were ideal to simulate the conditlions assuvmed in
the tleory. In addition triangular stiffening plates of
dimensions 95 x 95 x 2 mm were bonded to each sgide of the

3 q

plate corners on which the load was applicd to preveunt any

-

material yield in those arvess as show. in Fig.(5.20

N

Again oo in the compression case, the varisticn
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cortd.
in thickress petween the test specimens did not allow direct
comparison of buckling lozds between the GRP composites in-
vestigated. Table (5.9) was presared showing a theoretical
comparison based on the experimentsl observations obtained
from the tests, This shows that the GRP composite of uni-
directional fibre arrangement at -45° has a higher buckling
resictance agirstshear tinn any other  GRF ccmpesite ine
vestigated 1 the sgame Tibre content and plate thicknsss.
Sc wnen shear buckling is the major design criteria 1t is
better to use unidirectional GEP at -~45° as the optimum

fibre arrangement,

Conclusion.

Theory and expwerimernt were generally in acceptable
agreenant for beth buckling loads in compression and shear
which proved that the acopted sgcecially orthotropic plete and
mid--plare symmetric theories were ideel for the tueoretical
prediction,

The test arrangements and cdge supports were reascrabl;
designed to bring the theoreticel assurptlons with the experi-
mental conditions.

The strain ga.ge methed cif determining the buckling

load cxperimentelly was more reliztle in the compression case

than Southwell piot method, while the later is superior to the

former in the shear case.

SGRP plates oroved to have more buckling resistance
thal QRY cies in compression, wolch is expected because ol the
higher modnlus ot cteel wire than that coif gloses fibres. Within
the GRP cempozitces ticmselves, the angle-ply cempocite plates

sbowsd a higher r wsistance teo comprossive bucexliln than the
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contd.
cross~ply and uzidirectional arrangemert of the same thick-
ness anu fibre content, see Table (5.4).

~L5° GRY plates proved to have highest resistance
to shear buckling‘for equal thickness and fibre content,
sez Table (5.9).

For the design of a buill up GRP box section beam,
the compression flw ge should be madé of either cross-ply
(0-90) or multidirectional (0, + 45) in order to achieve
a reasonably strong, stiff compression flarge, (see
Fig.5.15)° The web shculd be made of -45° unidirectional
arraugement to suit the sign of the applied shecar force.

The tension flange shculd be made of 0° unidirectional
arrangerent to achieve the maximum strength.,

Finally, GRP composites have been shown to have
a low buckling resistancs if ccmparcd to steel. This iz
Cecezuse of Their low modulus\wnich is a major weakness in
this material. It has been shown in tiuils chepter that some
improvement may be achieved ol the buckling load by changing
the fibre arra.gement within the composite, but this improve-
ment 1s not sufficient to make GRP really suitable for use
under compression or pure snear. Hence a mechanical stiffen-
ing (i.e. ribs or corrugation) is preferable to achieve a
higher buckling resistance than can be obtained from flat

plates.
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CHAPTER 6

DESICY AND TESTING OF GRP BEAUS
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Introduction:

At this‘stage, the structural propertizs of GRP
and SGRP composites have been reasoﬁably understood. In this
chapter, the consideration of mz2nufacturing GRP beams will
be discussed and a beam cross-scction that suits the properties
of the composites under consideration will be designed.

So far most designs in GRP take advantage of the
high axial streagth and overcome the weakness in shear by
designing sandwich beams and plates composed of thin GRP skin
sheets at tne top and bottom of the cross-section to resist
the tensile and compressive stresses respsctively. A light
weight, high shear resisting core malerial is then embedded
betwzen these two faces. The design of this type of structure
is discussed in ref.(6-1,4) with sendwich construction of GRP
for large spans, anl single skin comstruction for small spans.

In the present chapter, the design and manufacture
of a single skin GRP beam unit that can be used for long or

short span application will be discussed.

GRP Beam Cross-Section:

It is obvious that the maximum tensile or compressive
stress in a beam is proportional to the distance of the most

remote fibre from the neutral axis. Hence, if the material has

the same strength in tension and compression, it will be logical

(¢2}

to choose shapss of cross—section in which th centroid is at

the mid-depth of the beam. In this manner the same factor of
safety for fibres in tension and for those in compression will be
obtained. This is the underlying idea in the choice of section

svmuctrical with respect to the neutral axis for materials such

as structural steel which has about the same yield point in tension
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and compression.

For materials of different strength iu teusion and
compression (i.e. cast iron, concrete, or GRP) the best section
for a bean is not symmetrical with respect to the neutral axis,
in other words the neutral axis is not at the mid-depth of the
beam section but is at a position from the extreme fibres in
the same proportion as the strengths of the material in tension
and compression. In this manner a balance effect of stressss
along the cross-section cun be obtained.

In designing a bean, not only the conditions of
stren. th should be satisfied but slso the condition of economy
in the weight of the beam. If two cross-sections having the same
sectlon modulus, (i.e. satisfying the condition of strengta with
the same factor of safety), the one with the smaller area is
mors economical.

The developed GRP cross-section was taken as a
double web open section with a flat tension flange and two
semi-circular compression flanges which tend to increase the
local buckling resistance in the compression region, see
Figs.(6.1) and (6.2).

The constants that define thg newly developed cross-—
saction is given by the following relationships,

(i) Area (4)
A = t(2m + 2D + D) (6.1)
(ii) Neutr:sl axis position taken from the top of the
cross—section,
13

2r® - H(D® + bD ~ == )

12 (6.2)

= r -

YN
o+ Do+ 5
i FS

(iii) Moment of Intertsa about the neutral axis
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(iii) contd.
Case 1 : Wnen neut.al axis below the line x-x (Fig.6.1)
ITL:Z[gFt(4TQ+t2>+ %:5(5r2+%t2)+ﬂrt ¥2 }

bt?

£4 - - - -
T - T3 +tbD? -2ty bD+tb y?-t2D?+2t% yD-t2y?

‘3 _ _
+ 2<:Ci;— ~ tD'® y + 6D! y2> (6.3)

Case 2 : When neutral axis is above the Line x-x (Fig.6.2)

Ipy = 2{% re(Ua® %) - 3 Fe(3r 1547 et 32 } +

bt3 £4 3, ot 2 ,3.3 - 2 3.3
5 -1 +btD®+2btDy+bt y*~t*D°-2Dyt°~ y°t
tDte 2 = —q
+ 2< T~ + D2 Y + D'y ) (6.4)

The derivation of equations (6.2 to 6.4) may be found in the

Appendix.

The advantages of this cross-section may be
summarized below,

(2) The beam unit can be manufactured in one stage only and

hence there is no problem of connections in this cross-
section which generate stress concent:ation,

(b) Although the problem of torSional instability is a major
one in an open cross-section, this méy be eliminated
by structural arrangement between adjacent members.,

(¢) Because of the longtudinal support mentioned in (b)
above, there is no problem of lateral instability and
hence these sections may be used for long and/or deep
heavily loaded spans.

(d) Shearing stresses may be easily controlled by either
changing the fibre arrangement or employing transverse

stiffencrs in the webs.
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(e) The semi~-circular shepe of the compression flanges make
the cross-section very rigid against compressive local
buckling.

A comparison has been made between the newly developed
cross—-section (corrugated) and some of the competitors to this
section, the box and rectangular section, which shows the
superiority of the former on the latter cross—-sections as

shown on Table (6.1)

Section Property Corrugated Rectangular Box
Section Section Section®
Area (A) mm 2022.540 2022.48 2022.40
Width (bT) mm 202 31.8 202
Thickness (t) mm 2 - 2
Depth (DT) mm 402 63.6 307.6
Moment of Inertia (I) mm*x10° 34,89 0.68 28.19
Neutral axis position (yy)mm 177.08 31.80 153.80
Section modulus (Z) mm®x10* 19.70 2.1 18.32
Critical Loczal buckling stress
in compression (oér) N/mm® 151443 - 3,61

Table (6.1)

*Sectional properties of I-Section can be considered the same as those
of the box section.

Note that the critical local buckling stress in compression
shown on Table (6.1) was determined by:-

for corrugated section, from ref.(6-2)

) [ | =

where K = 0.5 (This coefficient was chosen for design purposes.)

and, for box section



288,
6.2) contd.

_x T E AV
%r =% T 37) <?> (6.6)
where K = 4.

The comparison in Table (6.1) was made on the
basis that the material of all cross-sections was isotropic,

and homogeneous (i.e. chopped strand mat.) with the following

elastic properties

Young's modulus (E) 10000 N/mm?

1

Poisson's ratio (v) = 0.30
The critical buckling stress due to shear is equal
in both corrugated and box cross sections as the webs are con-
sidered to be infinitely long strips which have equal shear

buckling coefficients, (see Chapter 5).

6.3) Descristion of test specimens:

Nine type of beam specimen were tested. The se
specimens differed from each other mainly by the number, type
and arrangement of glass layers in the specimens. A description
of each of the specimens may be found in Table (6.2), the beam

cross-section is shown in Fig.(6.1).

6.4) Moulding technigue:

All the materials (glassfibres, resins and catalysts)
were supplicd by The Application Department, Fibreglass Limited,
St.Helens, Lancashire, the same as those mentioned in Section
(3.6.3) of Chapter 3.

The moulding technique used in manufacturing thne
beam specimens was the conventional hand lay up technigue which

is widelv usged in the reinforced plastiecs industry. The moulding
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took placed at the establishment meantioncd above.

Test arrangement and procedure:

The beam specimens were tested under a simply
supported four point loading system that divided the beam
intolthree equal parts of 530 mm each. The adoption of this
loading system gave a pure bonding zone at the middle of the
beam in order to get a gool assessment of the neutral axis
position and stress and strain distribution along the cross-
section. Electric strain gauges were fixed to the cross-
section of the beam in order to measure the bending and
shearing strains respectively. Four wooden saddles were fixed
at the supports and loau points to maintain the cross—sectional
shape during load application. The load was applied automatically
by a lozd cell at & load increment varying between 1.0 to
0.25 metric tone. The strain readings were taken by a computerized
data logger, while deflection readings were taken after each
load increment. The loading was discontinued as soon as a mode
of failure was observed on the test specimen, A general view
of the test arrangement and the strain gauge positions may be

found in Figs.(6.3) and (6.4) respectively.

Resulfs:
Table (6.3) shows the load carrying capacities
with their corresponding deflections and the mode of fallure

of each beam under test. The modes of failure are shoan in

Figs.(6.5) to (6.13).
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The experimentally determined stress and strain
distributions along the beam cross-sections are shown in
Figs.(6.14) to (6.22). While the theoretical and experi-
mental values of tensile, compressive and shear stress are shown
on Table (6.4).

The elastic and sectional properties of the beams
are shown in Tables (6.5) and (6.6) respectively.

The strength and elastic properties were obtained
from coupons extracted from the beams under test and accord-

ing to the test methods mentioned in Chapters 3 and 4.

Discussion:

It is clear from Taols (6.3) that all the beams
failed at a reasonably high load. The strain gauge readings
showed that at this stage the load-deformation relationship
was non-linear, the load at which non-linearity commenced
is also shown in Table 6.3. The reason for this non-linearity
in the load-deformation relationship is partly due to crack
formation in certain parts of the beam, but the main reason is
that at the end of the linear 1limit the beam cross-section
starts to deform or warp and hence the neu.ral axis position
changes. This behaviour is to be sxpected from an open section
and the employment of the wooden saddles was designed to
minimize this effect. The part played oy the change in cross-
sectional shape was also indicated in most of' the specimens
by the fact that the load/deflection curve retunred to the
origin. If major crackiug had been the cause of the non-
linearity this would not Bave been the case.

Up to the onset of non-linearity the theory and
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experimental observations agreed rcasonably well, as will
be discussed velow.

The experimental maximum tensile and compressive
stresses showed an acceptable agreement witn the theory
preaicted by the simple bending theory given by the following
equation,

£ = % (6.7)

The experimental observations of the maximum shearing
stresses at the neutral axis position agreed well with the

simple bending theory given by the following equation,

. RL(D-y)?

+ (v-%) (D-y
- T ) Y)] (6.8)

TL

where I is given by equation (6.3).
The derivation of equation (5.8) may be found in the
.Appendix.

The maximum experimental shearing stresses were
obtained from the analysis of 45° strain gauges rossttes
fixed on the beam face as shown in Fig.(6.4). The details
of the equations used in the calculations of the shearing
stresses and strains are mentioned in the Appendix.

The experimental and theoretical maximum tensile,
compressive and shear stresses are shown in Table (6.4).

Table (6.5) shows the experimentsglly observed and
the theoretically preuicted deflections at the end of the
linear stage which are in good agreenent, The theoretical
determination of the deflection was vy the aid of the simple

bending theory which is given by the following equation,

a(312 - 4a?
5 - Wa(?L‘ 12?) (6.9)
max L8 LL ImL

The derivation of egquation (6.9) may be found in the Appendix.
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Table (6.6) and Figs.(6.14 to 22) show that the
neutral axis position is reasonably well predicted by
equation (6.2) up to the onset of non-linearity.

No sign of local instability in the compression
flanges and webs was observed in the linear region but in
the non-linear stage web instability was observed as soon
as the shape of cross-section began to deform. This de-
veloped into the prime mode of failure especially with
beams which were not reinforced transversely (i.e. at 90°)
as shown in Figs. (6.5 and 9).

After a thorough examination of the results, beam
type 7 proved to be the best of all types investigated. It
failed in a very clean compressive mode of failure as shown
in Fig.(6.11). Also, no tearing in thz corners below the
points of load application was observed in contrast to beam
type 5 and 6 which suffered from this mode of failure, see
Figs.(6.9 and 10). The strengta and modulus of the GRP
composite from which this type of beam was manufactured were
relatively high compared to the other types under investigation
which resulted in this beam having the best performance under
load. The transverse reinforcezent employed in this type of
beam gave it a greater stiffness against vertical deflections
and produced a web which was stiffer in bending and buckling.
Because of this, its load carrying capacity at the end of the
linear region (3 tonne) was better than other beams for a
given deflection.

For long term design under static load, if' & factor
of safety of 4 is employed (ref.6-3,4), the working stresses
will be equal to the. ultimate strength at fallure (see Table

6..) divided by 4. Table (6.7) shows the long term design
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stresses with their corresponaing design and allgéble
deflections. From this table a conclusion may be drawn
that with this factor of safety the design deflections

are within the limit of *;i50th of the beam span.

Economical Design Consideration:

From Section (6.7), it was seen that the experi-
mental results agreed reasonably well with the simple
bending theory up to the point at which cross-sectional
deformation began. The beams under test were not designed
to give the most economical cross~sections but in this
section a step further will be teken in the design of GRP
beams by investigating the possibility of designing the most

economical cross-section (i.e. the cross—section that shows

. . Z o - .
the maximum N ratio if' compared with other cross-sections

of the same area). A computer program was run using equations

. . . D\ /t b
(5.1)to (6.4) for a wide range of the ratios <;>,C;> and <?>
in order to find the values of A,I, and Z for a unit value of
r. Figs.(6.23 to 25) represent a samgle of the results pro-
duced by this program. The unit values of A,I and Z may be
converted to the real design value by multiplying them by
r®, r® and r* respectively where the value of r is the only
value needed in the design in addition to the other design
information (ie. span, applied load amiallowable stresses),
as will be shown in the following num2rical exawmple.

To find the most economical cross-section of a 2 meter

simply supported GRP beam to carry a live load of 1500 kg.
and the material of the beam is similar to that of beam type 7

on Table (6.2). The design data are as follows:-
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1

Ultimate compressive strength 120 N/mm®

40 mm,

1

Radius of the compression flange (r)

Factor of safey to be used

4 (for long term design)

Material loungitudinal modulus

1l

12083 N/mm?

The design steps are as follows:—

The design allowabls stress . = 220 = 30 N/mm?

C b

Maximum bending moment due to the live load = 75

1500 x 9é81 x 2000 = 36 x 10%°® N.mm

.o BM. =

36x10t °

5 3
20 = 1.2x10° mm

the required section modulus (Z) =

.. the required section modulus per unit radius

1.2 % 10°
Z . = —_— = 1.8
(unit) (40)® L2

\

; . D /t , fe .
From Fig.(6.23) the ratios of (;) ,<;> ard <;> that satisfy

the required value of Z( are shown below,

unit)

for z(unit) = 1.875 and <§> = 3.00, the values of <%> and / )

are in the following:-

6 ©

3.2 0.10
3.8 0.08
4.9 0.06
6.9 0.0k

From the previous section the allowable deflection

was limited to */120th of the span and hence 8(
1

16.67 mm. Then the required moment of inertia will be obtained

allowable) 15

by the following formula:-
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I = 5 WL®
38l EL B(allowable)
; _ 5x1500x9.81x8x10° s
o 1T 385085k 15,67 = 1610 x 10° mm

.« The required moment of inertia per unit radius

o= 1610x107 _ 9
(unlt) (40)4

from Fig.(6.24) th= ratios of <%>, <§) and <%> that satisfy

the required value of I(unit) are shown below,

_ /b _ D\ L4 (X
for I(unit) = 2,47 and <?> = 3.00, the value of <£> and <%>

are in the following:-

¢ ¢

\]

|

2.7 0.10
3.0 0.08
3.6 0.0%
L5 0.04
6.4 0.02

It can be seen that the value obtained for the Z(unit) associated

with higher values of I( ) than the reguired value (i.e. the

unit
deflection requirement has been satisfied by the cross-sections

represented by the value of Z(unit)) are shown by the position

of the crosses on Fig.(6.24). Now putting the values of
<§) and. (§> which correspond to th. value of Z(unit) in

Fig.(6.25) in order to find the minimum area required for this
section modulus, the minimum area of the cross--section that
2

satisfics the requirement is 1.9 ma® for a unit value of the

t ) .
radius r aud for the values of <%> = 6.9, <E> = 0.0L ard
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<§> = 5.00 as shown in Fig.(6.25). Now the design values

, . . . , .
of the optimum case may be obtained from the unit values

as follows:—

The

The

The

The

The

The

for r = 40 mm

(Design)
area of the cross-section A(Desiﬂn) = 1.9x(40)%= 3040 mm®.
section modulus Z(DQSQHn) = 1.875x(40)3: 120x10° mm®.

moment of inertia I

— 4_ 6 4

(Design) ~ 7.3x(40)*=18.69x10° mm
(see Fig.6.24)

lower depth of the section (D) = LOx6.9 = 2.76 mm,

thickness of the section (t) = 40x0.04 = 1.60 mm,

lower width of the beam (b) = LOx3 = 120 mm,

For the sake of design, a wide range of curves can

be produced as an output of the computer program previously

mentioned and similar to those presented in Fig.(6.23) to

(6.25) for values of <%> ratio varying from 1 to 5 in increments

of & anu for the same values of <§> and <§> shown in the

same figures.

Conclusions.

The simple bending theory proved to be satisfactory

in predicting the stresses and deflections of GRP beams pro-

vided the cross—section is not deformed due to excessive load

or the lack of lateral support.

for the

A factor of safety of 4 is considered to be reasonable
long term design of GRP beams subjected to static lead.

Compared to structural steel, GRP gives lower stiffmess

so that the allowable deflection of GRP beams has been limited

to */1z0th of the span. It is considered that this limit is

M 4y o a 1 1- ] R ER A AR e
accoptablo for many desilgn purposes, but the designer may need
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to vary this accoruing to design requirement.

The designed cross-section proved to be stable up
to nearly 60% of its ultimate load carrying capacity after
which 1t suffered cross-sectional deformation due to lack of
support offered by the test arrangement. Practically full
lateral support can be achieved by compatibility with other
structural units and hence its deformation would be expected
to be less noticeable than under laboratory conditions.

GRP beams should be generally reinforged in the
same manner as the reinforcement of beam type 7. This bean
was reiiforced with a combination of unidirectional layers
and balaonced bidirectional fabric, This type of reinforcement
has the advantage of increasing the resistance to cross-
sectional deformation, and of improving the transverse and
shear modulus. The unidirectional layers resist the main
axial stresses and provide stiffness in the longitudinal
direction,

Finally the introduction of GRP beams to structural
engineering seems to be promising but further investigation is
badly needed in order to obtain useful data that can be used
for long term design, in particular to put firm limits to the

factor of safety and the allowable deflections.
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CHAPTER 7

CONCLUSTONS AND SUGGHESTICNS WCR A FURT!IER RESEARCH.




7.1)

Conclusion:

Although each of thne previous chapters cocntains
its own conclusions this section will show the gereral con-
clusion of the project.,

Tke method of cold setting pressure moulding
adopted in menufactuwring most of the elerents tested through-
out the program proved to be efficiert in reducing the void
content and minimizing the thermal effect due to curing. This
method coul: not be applied in mznufacturing the beaw specimens
because of their doubly curved shape which would have required
movld beyond the financial means of the project.

For design purposes it has been shown that the
stress/strain relationship is linear ari that the Tsai approach
for predicting the elastic modulii was in good agreement with
experimental observations.

Tensile ana compressive strengths showed an accept-
able agreement with the theory, although the compressive streugth
showed poorer agreenent at high fibre content.

Interiaminar'shear strength showed little variation
with increasing fibre conten® ard, as for the compressive
strength, it was highly effected by the void content in the
coaposite.

Flexural propertiecs were fourd to approach the
tensile propertics and varied directly with the fibre content
in the composite. The effect or fibre content and arrangement
on stranght and stiffness mey be found in Chapter 3.

The introcduction of steel wire sheet to glass
reinforced plastics made 2 considerabl e improveaent in ihe
material modilus, this improvement was also shosn in tho inter-
laminar shearing strergth of SGRP because of the Jower amount

o' voids present in this type of composite relative to GRP.
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contd.
GRP composites showed a lower buckling resistance

under uniaxial compression or pure shear than steel, because

f the lower modulus. It was shovn in Chapter 5 that scme im—
provement may be achieved in the bucklirg load by changing the
arrangement of the fibres within the corposite, but this
improvement was not sufficient to make GRP really suitable
for use under the above mentioned loading systems. To achieve
a higher buckling resistance, either steel wire sheets may be
used in the comgosite (accovding to the design method mentiored
in Chapter 4) for uniaxial compression, or, mechanical stiffening
(

or pure shear,

+€. ribs or corrugation) mzy be used for uniexiel compression

[ d

The simple bending thecry proved to be satisfactory
in predicting the stresses and deflections of GRP beams provided
the cross-section shape does not become deformed.,

A factor of safety of 4 and an allowable deflection
limited to */is0th of the SPaL are considered to be acceptable
for meny design pruposes for GRP beams, but the desigrer may need
to vary this according to tle design requirement,

At tuis stage, GRP beams should be generally re-
inforced in the same manner as the reinforcement of beam type 7,
which showed thc Dbest perforpence of all the beam testod with
the excepticn of beam type 5 which was manufactured from SGRP .Beam
wpe 5 showed much smaller deflections than the others, hut the
nature of the steel wire sheets was sucit that it possessed a
curvature after manufacture whic h made it unsuitable for hand lay
up technique, This curvature resulted in a large amouut of air
volds being trapped beneath its curved pattern ard hence the

strength perforuance dropped sharply. These air voids wnuld be

elimiuated if compression moulling were used. Thus the behaviour
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7.1) contd.
oi' steel wire shzet in the hand lay-up techniquc prevented a
full assessment of its potentizl in the type of beem investi-
gated,

Finally, GRP beams were shown to be promising
for structural engineering uses and tley could be strong
competitors to steel beams. For example for the same load
carrying capacity at the end of the linear stage, ab"x5"xL"
stebl angle beam woulc be equivalent to beam type 7. The steel
beam 15 about 1.15 times the GRP beam arca and about five times
heavier thav ~he GRP beam. The deflection of the steel beam
hovever ic sbout & th of the GRP beam for the fibre content
used in the experiment for the same load. The deflection ratio
could be improved by increasing the fibre content in the longitudinal

direction in order to improve the stiffness.

7.2) Recommendation for further research:

The suggestions for further work are as follows:—
Firstly, further research sho.ld be undertaken
to improve the buckling resistance ol rectangular plates by
the introduction of corrugations, stiffeners, or steel wire, In
the case of stiffeners these should be longitudinal and/or
transverse and should be moulded integrally with the plate rather
than moulded separatly and subsequently attached to the plate,
Secondly, as the work described here showed that
open sections were deficient in cross-sectional rigidity further
work is required to overcome this problem. The beams tested
showed that due to cross—sectional deformation only about 60%
of* the potentisl bending stirength was achieved. This cross-
sectioual defowmation may be reduced or even eliminated by in-
trodicing disphragms fived along the bea: at suitable spacing,

depending on design requirement.  Such diephragms are used in



contd.
many structural applications e.g. on steel thin walled
sections when the stability of the cross-section may be

the critical factor,

333,
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Determination of the Neutral axis position of GRP Beams

Cross~Sections:

Froa the simple bending theory, the neutral axis

of the section may be found by the following relationship,

Yy = Z—ﬁx (A.1)
where SAy is the sum of the moment ares of the cross-
section about the line Z~Z and A is the area or the
cross—section., Because of' the symmetry of the Cross~
section about the vertical axis, only one side of the
section will be considered in the analysis as shown in
Fig.(4.1).

From Fig.(A.l), let 3Ay = Ay(AD‘)’ then

Ay(AD') = Ay(AC) + Ay(CD) + Ay(DD') (A.2)

by finding each moment area of equation (A.2) separately
and then add thenm together and as the following,

In determining Ay(AC)’ consider the element dA
in Figure (A.1) the area of which is equal rdrdg. Taking
the moment of this area about the line 7Z-2 ang integrating

within the portion AC yields the following,

Ay(AC) =/W/r2r(? ~ sing)dr d? (4.3)

i

thare Ay(AC) then becomes equal to the following

T g

T Iq
— = 2 .
Ay(AC) —/ / r rdr d¢ -//r Sing@ dr de (A.4)
(o} ry o Iy

integratimg equation (A.4) and sclve for Ay(AC) yields

the follow ing,
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contd,
- P
Ay(AC) =7 rrt- %; /érz +'E ) (A-5)

Equation (A.5) is +the moment area of part AC

about the line z-7.

A (cpy = ‘(D + f) % [% (D + -;-) + ?} (A.6)

Equation (A.6) is the moment area of part CD

)

about the line z-7.
Ay(DD‘) = <§ - g) t(D + 1)
Ay(DD') = % t(b“t)(D + ;) (A.7)

Equation (A.7) is the moment area of part DD!
about the line 2z-Z.

By adding equations (A.5,6 and 7) and dividing
them by the area AD' yields equation (6.2) which is written
again below

2 _1/n2 £3
2r°—5 (D +bD - = )

Iy =T - 7

T +D+ g

when the value of the second term on the right hand side
of equation (6.2), which is labelled Y in Fig.(A.1), is
negative. The neutral axis position is below the line x-x
while if the value is positive, the neutral axis position

is above the line x~x, as shown in Figs(6.1 and 2),

Determination of Moment of Inertia:

(a) When the neutral axis is belom the line x-x, Fig.(6.1).
The moment of inertia of the section can be calculated us
follows:=

Let ITL be the total moment of inertia of the section



(ii) contd.

(a)

356.

contd.,

about the neutral axis ang equal to

I (A.8)

L = Lacenm) Tpy * L (cp+¥m)

NO¥ I(AC+HF) may be determined by considering the
element dA in Fig.(6.1) and taking its second moment
of area about the neutral axis and integrating for the
limit of part AC and doubling for part HF which yields

the following

r T3
— . —2 .
I(AC+HF) = 2./ ./ r(r sing + y)? ar de
o I'q
Then
7TI‘2
= 3.:..2 . o
I(AC+HF) - 2./:/ r(r Sin® 6+2r sinf+y )dr dae
°
Simplify,

m Iy T Iy T Yo

o I'a

_ 1
I =2 r3sin®gdrdgs| |or? singydrd6+| | r yRdrdg
(AC+HF)
[0] I‘a, . o] ri

by solving the integration values of the above equations~-

L (g i) :2[grt(4r2+t2)+ %5(3r3t+&t3)+7rrt ?)} (4.9)

Equation (A.9) represents the second moment of area of

parts AC and HF about the neutral axis,

I(ED) = (b-t) % + (b-t)t(D~y)? See Fig.(4.2)

Solving the equation yields,

bt® ¢4

LEp)~ 13 - 15 +th3-2§th+tb§2—t3D2+2t23?D..t2§2 (A.10)

Equation (4.10) represents the second moment of ares

of part ED about the neutral axis,

I

J



(ii) contd.

(a) contd.

_ 5 [tDr® /Dt =\ J :
I(CD+’FE) =2 [12 + tD (2 y) > see Fig.(A.2)

where D' = D + %
then

_ tpt® 12 y T2
I(CD+FE) =2 <‘3 - tD'" y + tD' y > (A.11)

Equation (A.11) represents tae second moment of ares

of parts CD and FE about the neutral axis.
from equation (A.8)
I =2 [g rt(Lr?+t?) 4 % (324462 ) 4ot 2 J~r

bt® 44 2 - T2_.203 5.27 27
T " i3t thD-2t ybD+tby?-+42D24+2¢ yD-ty

3 v -
+ 2<§%— - tD® y + tD! y2>
waich is equation (6.3).

(b) The same steps as those used in (a) can be used in
determining the moment of inertia of the Cross-section
about the neutral axis when that axis is above the

line x-x. Refer to Fig.(6.2) in the calculat:ons,

(iii) Determination of maximum shearing stresses theoretically:

(a) When the neutral axis is below the line x-x, Fig.(6.1).
From the simple bending theory, the shearing stresses
at any point along the cross-section can be determined

by the follosing equation

roo= E(AY) (a.12)

Xy I bS

where
TXy is the shearing stresses at any point in the

cross-section,
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(1iii) conta.
(a) contd.

(Ay) is the first moment of area of either the
tension or compression zone about the line
passing through the points where shzaring
stresses are to be calculated.

I is the moment of inertia of the cross-section
about the same line.

b is the width of the cross-section at the point
at shearing stresses is to be calculated,

F is the shecaring force in the cross-section.

So in order to determine the maximum shearing stress in
the cross section, (Ay) and (I) should be computed about
the neutral axis,

Starting with (Ay) which will represent the
moment of area of the tension zone (CDEE') about the

neutral axis, see Figs.(6.1) and (4.2).

o N(cord) T M (cripmrr) * & (mp) (4.13)

Then

Y(crpmrr) = 2(0"Y) t<D‘E‘X>

t(D'-y)? (A.14)

Ay(C'D+EE')
Equation (A.14) represents the area moment of part (C'D+ER!')

about the neutral axis.

Ay (py = H(b=t) (D7) (A.15)
the above equation represents the area moment of part
(ED) about the neutral axis,

From equation (A.13)
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(iii) contd.

(a) contd.

A (cpmmry =t Eb'4;>a + (b~t)(D~§)‘} (A.16)

.. Equation (A.16) represents the moment of area of
the tension zeon (CDEE') of the cross-section about
the neutral axis.

The moment of inertia of the cross~section
about the neutral axis can be obtained from equation
(6.3), while the width (bs) of the cross-section is
equal to 2t.

Then frem equation (A.12) |-

F x t[(D'-y)2+(b-t) (D-7) ]

2t x ITL

T =
Xy

which then yields equation (6.8) shown below

_ FLO'5)?+(0-8) (05) ]
V 2 ITL

T

(b) When the neutral axis is above the line x-Xx, the
maximum shearing stress can be found by the same
method as (a) and with reference to Fig.(6.2).

(iv) Determination of shearing stress experimental ly:

In determining the shear stress experimentally, ,45°
strain gauge rosettes were used. The analysis of such rosettes
is mentioned in many experimental stress analysis books.

Part of the analysis is prescnted below,

Considering Fig.(A.3B), and from Mohr's Circle geometry,

P = 5t &

PR = A"

Now A's PAR, PBQ are congruoent,




(iv) contd.

Hence AR = PQ = € = €A * 8C
S tan 2p = é% _ 2. ~g —-g
A5
PA = radius of Mohr's Circle = JPREP_AR®
PA = le,* +2e % + & %< Je (e,+e B
Z A B C B\TATTC

:.-% = PA Sin 28

Then, the shearing strain y = 2 PA Sin2g (A.17)
and, the shearing stress v = 2 G Ppa Sin26 (A.18)
xy xy

The principle strains €y and ey could be obtained

from the following

g,+e

€1,63 = A G + %‘JSA?+28B2 + g, —28B(8A+ac)
2 .
(v) Determination of the maximum deflcction of simply supported

beams subjected to Four doint bending:

Referring to Fig.(A.4) and using McCaulay's Method

(ref.A-1)

3
et L . _ g

-d_x...

where M 13 the maximum bending moment on the beam, then,

EL g? _ W W(x-2) _ W(x-Lta)
T2 2 2
2 o p]
ET & _ W2 W(xa) _ W(x-L+a) .4
dx & 4 4
@ . L
ax = 0 when x = )
. 0= WL _wL® | WLa wa? A
. = 16 16 7 Ty T Tt

then

A = Wa(a-L)
. -
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(v) contd.
- Wx® W(x-a)® W(x-L+a)® Wax(a-L)
Ely =13 12 T T 1z Ty B
Yy =0when x =0 so B =0
. - L
Y 1s maximum when x = 5
e o w [1r 1® 32 3La3 s . 3La® 32312 ]
"ymax*leI[S AT |
y o Wa(3L7-1a%) which is equation (6.9).

max 48 ET




Fig. A 2

The approximation of the jower part
of the cross section
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