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SUMMARY

This projeoct is concerned with the possibility of utilising

cemgnt in the oonstruotion of sandwich beams and slabs.

A method was devised t o pour the lightwei ght core with
expanded polystyrene and cement paste. A model investigation is
undertaken to find the structural prroperties' of the matrix and

to investigate the effects of varying the water-comtent.

For the faces of the sandwich; fibre reinforcement is used.
Investigations have been done to see effects of the variation in
reinforcement and the water content on the englneering properties
of the section. Pormulas relating theoretical fibre spacing are
rearranged and relative densitiocs of different fibres to bimders

are ocaloulated.

The last part of the projeot is mainly the construotion of
the sandwioh beams and slabs on a larger scale to see th§
practicability of the methods devised and to check the values
that have been found in the earlier parts of the project with

the aid of finite element analysis.
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CHAPTER 1

HISTORICAL BACKGROUND

The Egyptians were perhaps the first to use the principles of

sandwich construction many centuries before Christ. Egyptians used

a method of splicing strang wood on the exterior of inferior wood to
obtain stronger members. There is also evidence that the Germans used
laminated steel in their armour as early as the fifteenth century. 1In
Britain the earliest example of structurel sandwich unit was during
the construction of Britannia Bridge in 1846, in North Wales. Sandwich
panels made of iron sheets and wood core were designed by Robert

Stephensan for compression. (Ref. No.1 )

The greateat booat to structural sandwich decign construction
came during the Second World War for the aircraft industry. Mass
produced 'Mosquito Bombers' had a sandwich plywood-balsa fuselage and
wings. Radar industry has also benefited from sandwioch panels. The
stiff dome-like shields were made fram non-metal faced cellular rubber
honeycombs and foemed plastics. (Ref. No. 2 ). Some other examples
of domes can be listed as the hundred and forty feet diameter -
American Ballistic Missile Early Warning System, which is made of
honeyocomb sandwich construotion with basio skin thickness of 0.042
inches and of Kraft paper core 6 inohes thick. (Ref. No.3). Also
Porest Products Laboratory in the United States shows efforts in the

use of structural timber efficlently as sandwich units.

In the late Fifties sandwioh panels started to appear in

building oonstruction for experimenting purposes. The Monsantd "Hou se




of the Future" in 1956 was a prefabricated shell made as a laminated
sandwich panel with a four inch honeycomb core and glass fibre
reinforced polyester faces. Even though this wgs a structural success,
it could not compete economically with traditional building technigues
at that time. In France 'Salon Des Arts Xanagers De Paris' built an
all-plastics prefabricated panelised system house that weighed only'
eighteen hundred pounds and had six thousanh cubic feet of useful
volume. (Ref. No.4 ). In 1958 a house in Germany was built for
Stuttgart Exhibition with sandwich units made of aluminum facing and.

plastic foam core. In Russia, Italy, and Belgium there are also

examples of thase kinds of housas.

:The mathematical analysis of sandwich panels have attracted
attention in research communitins as well. "The early work of Argyris,
Zienklewicz, and Clough made it clear that finite element analysis must
be the first choice in selecting a technique of numerical analysis to
deal with polyhedral sandwich structures,... Reissner and later Green
reintroduced the shear camponent in plate analysis, and notably
accepted the viebility of & linear variation in shear stress in a
sandwich plate .... work wes later extended by Reissner and others.”
(Ref. No.5 ). Then Sander investigated the effects at joints between
panels, and Abel and Popov included shear in the faces.® (Ref. No.s').
Now a more or less complete mathematical analysis of sandwich panels
is possible with research work done in this field. (For other

investigations done see Refersnce No.5 ).

In the past years, iittle attention has been paid to the posgsible
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use of concrete in sandwich construction partly due to the undesirable
properties of the weak core and the ease of mass production could not
be achieved in field practice. Since due to highly advanced technology
in the recent years, the properties of the lightweight aggregates have

. been considerably improved ard the use of precast ligh:weight concrete

in sandwich construoction is now posaible.

Cement possesses the advantages of fire resistance, fungus and
rodent proofness, relative easiness in preparation,and cheapness, and
castability in almost any shape into a form at low cost. It has the
disadvantages of bad insulatim, high density, poor adhesion, and the
long time required to develop full strength. ‘.Yith the idea of ma-ss
fectory built homes after the last world war, extensive research
started into low density and high insulation concréte. Three main
methods of making low density concrete have been tried.

* Adding low density mineral aggregates such as "Perlite"”

or "Vermiculite",

» By pressurizing controlled quantities of air, water, gnd

foaning agent through a foam nozzle into a slurry,

» By blending in organic polymers or inorganic beads.

The first two methods have drawn the attention of the researchers
more than the latter ons. Most of the work done with the latter method
took place in private campany research laeboratories. (Ref. No.§ ).

In The United States of America Koppers Company produced a lightweight
concrete with polystyrene beads patent in 1962. (Ref. No.7 ). Then

Robert Sefton got two different patents in 1965 and 1966 (Ref. No.8 and 9)




by changlng the method of mixing the beads in the concrete mix. 'While
Koppers Company was putting the virgin beads in the mix then applying
heat and cxpanding the polystyrene into the voids of the mix, Sefton
suggested covering the beads with surface-active additive giving the
mix a pourable characteristic. By homogeneously distributing the

aggregate phase through the binder phase.

In 1972 Grunman Aerospace Corporation amd Ache Chemicals and
Insulation Company published the work they have done with polystyrene
bead mixed concrete poured as wall panels. Sections are claimed to
be inflammable when exposed to 41800° F. heat for thirty minutes,
drilled with ordinary carpenter tools, easily nailed or screwed,
high degree of heat and sound insulation. (Ref. No.10;. !ith these
properties polystyrene bead cancrete is expected to have very wide

practical applications in the near future.

The structural history of the face material that has been used
in this research has also a very recent background. Serious efforts
'to develop commercial applications for fibre reinforced cement and/or
concrete are just a few years old. Application areas in which
significant field trials have taken place in Tﬁe United States, Great
Britain, and Western Zurope include overlays for bridge decks amd
pavements, highway and airfield, mining and tunnelling applicationms,
slope stabilization, refractory applications, concrete repairs,
industrial floors, and precast concrete products. For these applic-
atioans experience has been gained mainly with steel, glass,and

polypropylene fibres as reinforcement. (Fef. No.14 ).

S e




Although fibre reinforced cement/concrete is not a nev.v ides,
within the last fifteen years or so, serious consideration has been
given to the use of fibres to improve tle engineering propertiss of
moldable constructicn materials. The results of research work on
steel fibre reinforced concrete were first reported in the early
Sixties by Romualdi. Serious efforts to study the material in
comnercial products and applicatims began ;n earmest in 1971 in

The United States. Similar efforts in England and Western Europe

shortly followed this lead. (Ref. No.11).

In The United States main interest has been in the mass concrete
applications, while in Western Europe and England interest has been

in precast applications as well as mass concrete applications, but

the overall activity is less than in The United States. (Ref. No.11).

In areas of interest, there is consideratle amount of work done
in theories of fibre concrete/cement and properties and testing of

concrete/cement conteining fibres. While in the U.S.A. Argon and

Shack were studying the computing of stresses in and around cylindrical

fibres, in England Hale studied the fibre pullout in multiply cracked
discontinuous fibre composites. The earlier work of Romualdi and
Mandel was mainly the study of the metrix as a whole and changes in
the behaviour of the matrix by introducing fibres. He introduced the
concept of 'Fracture Arrest.' (Ref. No./2). Krenchel studied the

fibre spacing and specific fibre surface in Denmark and Nair led a

research in the mechanics of glass fibre reinforced cement. (Raf. No.11).




The liateriuls Technology Division of 'The Concrete Society'
nroduced u technical report in July 1973 giving u detailed description
of the types and properties of fibres, binder matrices f'or fibre
reinforced-cement systems, production technologies, and real behaviour
of composite systems for each type of iibres. They state their
objectives in the foreword of their report,

"1+ To promote the useful development ard exploitation of
fibre-reinforced cement-based materials; ssees

4. To consider and encourage useful recearch into new

fibre-reinf'orced cement-based systems in terms of
their physical and mechanical properties and their
possible epplications to the building and construct-

ion industry; ....." (Kef. No.13).

As can be seen, fibre-reini orced cesent-based canposites have
been through o period of intense developwment for a relatively short
time and sare exvcected to go much further in the near future. The
application work done to date with fibre reinforced cement/concrete
has helped to identify several factors concermned with its preparation
and properties that need to be considered and improved upon if the

full potential of material is to be realized.

1o Users heve expressed concern over the longer than nornasl mix
oreiaration times re.uired for 1ribre reinforced cement/concrete .
This will be overcome us speciul e:uivment for handling aund mixing

fibres becomes uvai. ble;




2. Morec formation is needed about fibre balls or clumps duxring
mixing, especially where high fibre confent and/or high aspect ratio
fibres are used. Again the use of special mixing equipment will
overcome this problem;

.3. The properties of fibre reinforced cement/concrets in the
field have of'ten been inferiir to those obtained in the labqgatory.

This is due, in part at least, to the common practice of increasing

the water content of the mix to satisfy the workatility requirements

of the workmen in the field;
L. Improvements in the bond between fibre and matrix would lead,
it is felt, 1o an improvemen* in the beneficial effect that tle

fibres have on the properties of the concrete. (Ref. No.11).
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CHAPTER 2

CORE MATERTALS

Introduction

In thia research, in order to keep the parameters as few as
possikle, the core has been made from expanded beads with cement
paste in the voids between the beads, and for the faces of the
sandwich, three different kinds of reinforcement have been
tried; i) Alkali - resistant glass fibres, ii) Chopped steol

fibres, 1ii) Expandz3 steel wire mesh.

The Polystyrene Boads

The commercially available expanded polystyrene bveads, called
simply beads from now on, usually come in varying diameters, wshich
is a favourable factor in obtaining a lightweight cement. Th«
g'reater the range cf bead sizes availablg, the moﬁe the volume

of the pour is occupled with beads.

The varying diameters of the beads occur as a result of the
process of obtaininé expanded polystyrene, &n indirect deri;ys,ti\-e
of crude 0il to which hes been added an expanding agent so that
it can be made into a foam. In summary, the process is.as |

follows @

The 1iquid styrene monomer is heated in water. As styrene
will not mix with water, the suspension is stirred during the
hoating process and the styrene forms into small globules in the

water, thus eventually becoming 'beads'. The effect of the heat
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and added catalysts cause the styrene in each globule to %
polymerise. During this proeess'the expanding agent pentane is §
pumped into the kettle under pressure. Pentane, which is volatile, g
will not mix with water, but dissolves into the styrene. The é
latter subsequently becomes 'polystyrene.! At this stage the ;
beads are formed with pentane locltzd inside them. g
¥

Py

When the water has cooled ard the beads have solidified, the

water is drained off, the beads centrifuged, end flash-dried, and
the result is expandable polystyrene beads. ihen the beads are
heated in steam, the polystyrene softens, the pentene tries to
escape and in so doing, the beacs expand forming thousands cf tiny
cells within each bead. It is these cells that hold dead air

making expanded polystyrene a gouvd thermal insulator. Tn this

process original beads increase in size by eporoximately three

times. (Ref. No.6 ).

The beads used in this research are supplied by Vencil Resil

Limited. The diameters vary from 3mm. to 7mm. at %mm. intervals.

The cement used is an ordinary rapid hardening Portland cement.

Eets.

G g et g PR T ol SO w e

2.3 Pouring of Test Samples.

Expanded polystyrene beads provide a form of aggregate of

discrete closed cell particles which should be distributed

homogeneously within the cement binder. The ratio of expanded

ey

beads to cement ultimately determines density, which in tumn,

determines the extent of thermmal condactivity. In this research

thernel conductivity of the test samples have not been measured. :
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In pouring the samples a different approach has been tried
to achieve homogenity and minimum: density and therefore minimum
thermal conduotivity. (For other methods see Ssction 4.3).

Since the beads have a density of the order of one hundredth of
that of cement paste, o achieve a homogeneous mix by ordinary
pouring methods is practically impossible. Besides, the

particles are not easily wetted by water and :indeed, are substant-
ially impervious to moisture. The cement itself does not bond
with beads, but when cement is in the form of wet paste a small
adhiesion between the lLieads and the paste is rossible. In other
'words wet cement acts like a surface covering agentlwhich helps

to increase the density of the beads to a certain extent.

The purpose of the beads is to ensure controlled quantity
of voids in the test beam, rather than acting like an aggregate

due to the very poor gdhesive characteristic of dry cemeﬁt paste

to polystyrene. Since it is the desirable properity of the sandwich

core to be of low density, the maximum volume of the pour has to
be filled with beads rather than cement paste. To achieve this
condition the molds are first filled with vbeads tc find the
maximum pbssible amount of beads which can be required. A% this
stage the beads are affected, due to very low density, by minute
amounts of force fields around, such eas stetic electricity on the
clothes of the experimenter or small movements of air arcund the
molds. In case of vibrating the molds at this stage most of the

beads pour out of the molds. Therefore to increase the density

of the besads and to put them in a workable form one tekes advantege
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of the weak adhesive property of the wet cemont paste. The
beads in the molds are trensferred into a mixing bowl and
mixed with water and cement keeping the water/cement ratio the
seme as that required for the whole of the mix to keep the
sample withir controlled parameters. A reasonable swrface
covering is achieved if it is not possible to observe the
original bright white colour of t_he beads. The amount of cement
needed for surfuce covering is approximately 207 - 30% of the
total amount of cememt needed for the whole of the beam and can

be found by trial and error.

The beads are transferred to the molds and by tamping can
be fitted homogencously into the mold. Filling the voids between
the beads can bé done properly only by experience. The mosi
important factar is the water/cement ratio of the paste to be
poured onto the teads. If the water/cement ratio is h_Lgh the
strength of the mix iz low, from ordinary cement characteristics;
but it is easier and more possible to get o mere rigid beam due
to easy penetration of the cement paste in all possible voids
between the beads and vice versa. An optimum water/cement ratio

is found by trial and error (See Figure 2.2).

To en;.sure a reasonabie flow,the paste has to Ye nearer to the
liquid fom than +o the solid form, but for lower water/cement
ratios fillir;g the voids layer by leyer is edvisable, minimum
layer thickness being the biggest diameter of the bead, but from

time consuming and practical points of view this is undesirable.
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b
Once the paste is ready to pour into a mold, a greased plank L

with dimensions equal to length and width of the mold has to be
available tc hold the beads in place. During vibration the large f,t
difference in density between beads and cement paste and the poor ?
~adhesion of cement paste to beads can result in the cement paste
sinking to the botton end the beads rising to the top. t-
i

In this research the paste is poured on top of the beads, and

e e

ne e

then a plank of which the lower face is greased, is placed on top
and held by clamps, The mold is vibrated for about hali z

minute. The screws of the clamps have to be tightensd as

frequently as possible because tansy tend to loosen due “o

W MBS NI g AR s TP S, -

vibration and due to top layer of cement penetrating downwards.

Otherwise the top layer of cement transfers to the bottom of the

mold. The above procedure is repzated 2 - 3 times for a depth

of the core of 4LOmm. For deeper beams a different approach has

been used. (See section 4.3, Pouring of sandwich beams.)
Since the mix is made using cement paste of very high initial !
water content, a thin film of water forms on top of the mix after i

vibration. To get a stronger beam this film has to be removed. A ;

suction is provided by the simple means of placing about 4 - 5

layers of blotting paper on top of the sample. This paper absorbs
the film of water amd once it is wet it creates a curing medium ;
for the beams. After the beams are hardened in the molds (24 - 30

hours in moist conditions) they are transferred to a temperature

e e ettt -

controlled curing tank and removed from the tank after six days for
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their seventh day strength tests. All samples were 40 x 4Omm.

X-section x 500mm. long

2ehs . Testing Procedure

To determine the engineering properties, the samples were
tested under four point loeding. The tests were performed as
follows (see Figure 2.ﬂ :

Two steel frames of spans 240 mm. and 440 mm. are used. The
smaller span frame is fixed and the larger span frame is connected
to the moving crosshead of the Hounsfield 'E Type' Tensometer.

The crosshead speed is adjusted to 1mm/sec. so that accurate dial
rezdings can be taken. Diel strain gauges of 0.01mm. rcading are
placed symmetrically 10mm; away from the supports of *he frames
ana at midspan, moking a total of five gauges. The gauges are noi
placed directly under supports or point of abplication of loads to
avoid the unnecessarylmeasurement of the penetration of the frames
into the beams. Then at load increments of 25 Newions the dial

geuge readings are taken. All veams were tested to failure.

205.... Theo;:!

The four point test is a practical way of determining the
elastic and shear modulus of the section, where deflections due to
shear canﬁot be ignored. The deflections are measured at midspan
where there is no shear and at points of apolied loads, where there
are deflections due to shear coupled vwith bending.. Of courso, the

self weight of beam is neglected. Only applied loads ure considered.
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In mathematicel terms:-
A = By + 8vg (1)
Ays= By * 8V, (2)
Sv, = 8y, (3)
Only bending moment deflections are obtained under

conditions prevailing in the midspan section, the shear deflections

here are zero. This gives equation (3).

A =A.us -, = sz - 8b1 (%)

From moment—-area theorems sz a.nd%b‘I can be calculated in

terms of E.

8 b1 = &.2(_2_% - Eg
El (3 2
v, = M _ (gﬂ
2 ET (LT (T
SV = Va
“RgGe
Ag = Total shear stress
ﬁhear stress at ueuiral axis
Y 2/3 Total X-section area
2:6s - _Density Measurements

The density measurements are dcne on a dry basis. All samples
were stored in an oven, at. 70° Centigrade, for 48 hours to dry the
samples. As soon as they were removed from the oven they were
weighed and then covered with a very thin film of wax to stop
them absorbing water. Then by water displacement method the

volumes were measured, giving density.

/O =W Dy
Volume
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2:7. . Discussions

The density versus water-cement ratio graph (see Fig. 2.3)
gave the expected result. In a given volume only a maximum amount
of beads of certain diameters oan be fitted, assuming the beads
are incompressible. Since the volume of voids between the beads
is constant, the amount of paste to be fitted in the vuids is also
constant. Therefore the only factor that determines the density
is the capability of the paste to flow into the existing voids.

In case of cement paste and the techniguie used in this resesrch,
the water content determines the density of the samples. After e
certain amunt of water-cement ratio, which is around 0.5, gives

the maximum possible density of the samples.

Fig. 2.2 shows the variatioi. of the strength versus water-cemen‘ﬁ
ratio. Since density, and thererore the rigidity strength of the
sample, increases with water-cement ratio, {the failure stress
increases with water content of the mix, but water content has a
negative effect on the strength of the mix which is shown on Fig.2.2

after passing the water-cement content of 0.5.

The calculated Youngs' modulus ard shear modulus are
approximated as a straight line as shosn on Figures 2.4,2.5
because it was felt a relationship in terms of a curve will be
unrepresentative, but a constant value occurs in both cases within

the experimental error limits.
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CHAPTER 3
FIBKE REINFORCKMENT IN CEMENT

3.1 _Intr:ductian

The poor tensile strength characteristic of cement requires
some sort of tensile reinforcement for parts of the section that
are in direct and/or bending tension. The membrane-like thioclmess
of the faces which are assumed to carry all the flexural stresses
in tension and in ocampression, forced the worker to use an unoon-
ventional type of reinforcement. thin enough to he buried in the
thickness of the faces properly. Two main types of reinforoement

were found suitable for ssndwich sections with thin faces - fibres

and mesh. The sandwioch beams and panels that sre tested in this
research project are reinforced with two types of fibres; alkall
resiztant glass and steel fibres, and one type of expanded steel wire

mesh supplied by Expamet Industrial Products Limited of Hartlepool.

To understand the behaviour of fibres, tension tests have bgen
carricd out with only steel fibres with increasing fibre content for
a given volume of cement and water, and for a fixed.amcunt of cemeat

and fibre but varying water content.

There arc -.tln'ee reasons for ensuring that the fibres are
completely embodded in the cement matrix;
(i) fire resistance,
(i1) the avoidance of chemicel deterioration and weathering,
(111) tho echievement of a satisfactory bord between Fibre
and matrix.
The last is seen as tho most importont factor for the laboratory
specinens used in this investigation. The pulling of fibros from

the matrix rether than feilure of fibres has been observed in all

. rermt trre s e — e 1% e m o m ot f  mem i s Ay WTR TS B f SEeA ! Tshpesms ¢t s - . - - - D
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of the tennile test specimens.

Indeperdent tests are carried with glass fibre and wire mesh
reinforcement to determine the Youngs' Modulus values on tensometer.

These values are checked under third point loading in Section L.

3.2 Theoreticel Considerations of Strength for Fibre Beinforcement

From the investigations of other workers the effectiveness of
fibre reinforcement depends an the following factors: (see Ref.No./5)
(1) Modular ratio; Modulus of elasticity of tibre/modulus
of elasticity of the matrix,
(41) Fibre aspect ratio; length of fibre/diameter o f fibre,

(i1i) Tibre orientation with respect to direction o stress,

(iv) Fibre ocontent.

Theoretically speaking, increese in the above factors should
inorease the strength of the cement composite for a fixed water/

cement ratib.

Cince the first two of these factors are relatively self-
"explanatory, more emphasis has been given to the last two. ZFibre
orientation is one of the most uncertain factors since the processes
of mixing and placing in the mould can arrange the fibres to lie at
any angle to three principle direction axes-within the matrizx.

This is represented in Figure3d. Therefore, in the calculation of
the resistance of the material to any one directional stress or lecad
a oarrection factor that takes account of the fibre oriontation
should be introduced. The uncertainty - of this codrrection factor

has to be remembered in all design oconsideration. This has to be
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refincted by the safety factor or in the load factor for design

c_onditions

L J
o

Figure 3,4 - Orientation of a Random Fibra

A oorrection factor can be obtained assuming; 1) the stress
is parallel to one axis (x)., 2) the ratio of the average of the
projected lengths in one direction to the total length is a true
measure of the effectiveness of the fibre on that axis, 3) effective

projection in the X direction of N wires is given by Equation 1.

ﬂoﬂh SoTr/zLOOB.O cos.d a6 af

= 0.l L (Equo.i):ion
1

N"/é x T/,

Then in a given volume the average theorstical spacing Ses

distance between geometric cenmtre of effective wires, of N wiros is

Se =
3 Jﬁ_g | (2)
thus Seg =3 [(v__) (3)
(0.41N)

Equation three arises beccause the wires in any direction are

L1 per cent effective, Scy being the effective fibre spacing.
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The number of centroids per unit area of any cross-section s

glven by

n = (4)2 (4)
Sce)

Agsuning the length of the wires to b greater than Sce , as
will usvally be the cese, the wires will extend into oross-sections
previously allocated to other wires. This will create an over- |
lezping, thus increasing the number of wires through any cross-
section by the factor L/Sc.e. The number of wires n_ at a oross-

section is then -

2
n = (1) L . = _L (5)
w (Sce) Soce Sced
or, substituting equation (3) in (5) -
n_ = Q4 NL (6)
v

The average spacing of the wires is then -

S = 1 = g v_) (7
~ Vn 0.41NL)

The average spacing of the effective wires can'”be expressed i
terms of wire dismeter 'd' and total percentage of steel 'p'. The

total volume of steel 'Va'! in a volume of rsinforced conerote *‘V! is -

Ve = pV_ (8)
100

- The volume of steel in each wire is ﬂdzL/l.. and the number of wires

is then =

N = LVs (9)
ma%

and, from equation (8) -

. N = pv (10)
25n4d°L




26

Substituting (10) in (7) yields -

8 = 13.8a | (1) (14)
8

(Referez;ce No.Ak)

Since it is more accurate and casier to measure perceniages in

terms of weight the above equation is modified to be expressed in

terms of weight

Teking p

1]
<
]

x 400 (12a)

e Pp x 400 (42v)

T IEE] (12e)

substituting Equation (4120) in (41) yields -

s = 1'3&14/(‘;'—:’” 1) o 43)

where § = density of fibre

density of binder

values of @ for certain fibres are given in Figure 3.2.




Figg‘e :2 ° z

Density Ratios for (bmmonly Used Reinforcing

Fitres to Binders. #

MATERIAL

1+ Crystalline Silicate:z

Chrysotile White Asbestos 40020

Crocidolite Bluva Asbestos 3.480
2. Glasses

'E' Glass 4,025

BRS. Glass (Cem-£il) 1.087
3. Ceramics

Alumino-gilicate 1.104

(Kaowool, Fibrefrax)

Carbon - Type 1 (Modmor) 0.796

Carbon - Type 2 (Modmor) 0.696
Le Metela

High-tengile Steel

High=-carbon, low-g¢arbom

Stainless Steel 3e14
5. Natursl Vegetables

Cot tm 0.54

Sisal 0.592

Hemp 0.592
6. Pclymors

Polypropylene 0.368

¥ilament or gibrillated
Nylon (Type 242) 0.455
Polyester (Type C Terylene) 0455

® Ordinary Poriland Cement
High Alumina Comant

For plaster inarease sbove values by a factor of 1.04.
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As expected, decreasing the fibre spacing increases the
reinforcement area &nd therefore should inorease the tensile stremgth
of the sectian. This increase has been studied by other workers (see
Reference No.12) and explained by the applicetion of fracture
mechanics to cencrete etrength. The fundamental concept behind thase
studies is é recognition that the low tensile strength of concrels is
dus to the propagation of ecracks originating a.s. internal flaws.
Introduction of fibres into the matrix prevents or retards the
initiation of tension sracks and this can be accomplished if the
internal flaws are locelly restrained and prevented from extending

into adjacent material.

James P, Romouldi end Gordon B. Batson explained the simplcst
example éf crack initiation by the stretched flat plate shown in
i‘igure 343+ 1t is assumeld that heavy grips uniformly transfer load.
to the plate and that the plate is cut through by a slot of lengli la.
It is further assumed that the fraoturing process ié' of suff'icient
rapidity that the inertia of the grips prevents their movement. Thus,

no energy is adied to the system during the fracturing process.

- The extension of ths crack tips is accompanied by irrecoverable
energy losses due t» the extension of the plastic zone in the vicinity
of the crack tips. The rate of loss of irrecoverable work with
respect to area of ocrack extensim is _§_\_I_ vhere W is tho work to
open or extond the orack end A is the frﬁck area. The rate of

release of oelastio energy is denoted by symbol G and, for the

partlcular system -
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¢ = md (14)
E .

where o 1is the overell plate stress and E is the modulus of
elasticity.

The criterion for rapid fracture propagation is that the rate
of release of elastic enorgy is equal to or greater than the con-

sumption of energy of the extending crack, or
6) 8w/ 8k (15)

The material charscteristic §W/8A may be inferred by a simple
test because when a notched plate is loaded and observed for the
crack length and stress at failure, a numerical value may be
obtained for & W/8A by substituting the values in equation (14)

end comparing to equation (45).

It has been proved that the parameter combinins stress near the
crack tip and structural geometry is the stress intuasity factor X,
which is related to G by -

K = E (46)
e

For the particuler geometry of Figure 3.3 the stress intensity

factor due to remote stress T is -
Kg = o’:fa. (47)

The crack arrest mechanism may now be illustrated with reference
to Figure 3.3. A pair of stiffeners aré shown riveted to the plate
and are arranged at their oxtremities remote from the crack in a

manner such that they ars subJjected to the same struin as the plate.

Y T Y T T e W r s
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Thus, in the absence of a crack, there will be no tendeney forl
relative motion between the plate. and stiffeners in the vicinity
of the cracke However, the plate tends to stretch more than the
stiffeners, due to the stress singularity at the crack tips. This
tgndenc:,' is resisted by the rivets which exert "pirching" farces
~3n the plate of magnitude F. These forces produce a stress
intensity factor KF‘ which has an opposity sense to the intensity

factor due to the plate stress desoribed above. Thus, the total

stress intensity factcr is given by -

KT = Kd- KF (18)

Thus, for a given critical value of K for the material,
fracture ocours at .a higher plate stress, due to the reduction by
the amount KF’ than wuld be possible in the absence of the
stiffener. (Of courae, the rivet mist be of sufficient strength
to mobilize the pinching force or failure will ocoxr by rivet

shear or bearing.)

The parallel to the above described arrest mechanism in the
case of reinforced com:rete is described with the aid of Figure 3.5.
Figure 3.5(a) represents a mass of concrete in tension. The
reinforcement consistz of a rectangular erray of rods at a spacing A
and located parallel to the direction of the tension stross. At
gome interior location as shown in section in Figure 3.5(b), an
internal flaw exists in the form of a {lat disc-shaped crack.
Assume that the crack is centrally located in e nest of four
adjacent reinforcing rods, in a seotion AA, as shown in Figure 3¢5

A pimilarity to the stiffened plate can be seon. In the absence
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of the crack, the steel rods and the concrete are strotched equally,
and aoccordingly, there 1s no tendenoy for 6ne to move relative to
the other. In the vicinity of the crack edges however, the. .
longitudinal extension due to the stress singularity is resisted by
the stiffer rods. The distribution of the band stress can be

shown as in Figure 3.6. In ths plane of the crack the bond stress
is zero by symmetry and increases to a maximum, and then decreases
with increasing distance from the ci‘ack edge. As the loocal extension
tondency diminishes the distributed bond stress acts as a series of
finite pinching forces each acting in much ths same manner as the
single rivet pinching force describe'd above. The caloulation of
the stress imtensity factor due to the forces along the four

adjacent bars should be similar in every detail to that c¢f a single

rivel force in the plana of a plate, and the total intensity factor
is given by = :
K = K4 - Ky (19}

Ths primes denote that tho case refers to a th;ee-dimensional

sdliad.

The spacing and size of the reinforcing rods for effective
cr?,ck containment must be svoh that the magnitude of hF' is
suf fioclently large to cause an effective reduction in KT' « An
additioml cri-fericn for arrest is of course, that the distributed
farces ere mobilized and do not exceed the bond strength bhetween

the binder end fibres. (Reference No.1k)

It is expected that the tensile strength will inoroase as the
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reinforcement Epaoing 13 dsoreased below a certain critical value.
This behaviour is verified in Referemse No. /4 by increasing fibre
quantity. But-decreasing diameter to keep percentage const;nt and
the oritical fibre spacing is found to be 7mm to 412mm for steel

fibre s.

Unfortunately some of the workers, including the present author
did‘not achieve such good results as were expected. The length of
fibros used was not si¥ficient to achieve ths bond required so that
ths fibres were never highly enough stressed to stop the matrix from
cracking but instead were pulled out of the matrix as the orack

enlarged.

Another importent factor that determines the gtrength of tle
matrix is the workability. Even though inoreasing the fibre contsnt
beyond the critical spacing increases the strength of the secticm,
but addition of fibres al e has drastic effects on the workability
of the seotim. Edgington et.al.(Reference No.416) have formulated

an emprical rcictionship for critical fibre content by weight. -

P, = 759 6¢ K-4 (20)
Worit. Ll SGo L
d = fibre diamster
L = fibre length
SG
>f = @ calculated in Figurs 3.2.
SG,
K = Wm

Wm + Va
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S Wm = Weight of mortar fraction
. (particle size < 5m)

Wa = Weight of aggregate fraction
(particle size > 5mm)

Calculated Pw = L.44 per cent in this research X = 1

A possible way to design the fiore reinforcement can be as

follows

O,

Design E fibre & crack matrix (21)

S.F.

S.F. = Safety factor

Where cffective area for design stress depenis upon thecretical
fitre spacing. The reason that strein of matrix is chosen cs criterion
is beoe.uée the cement or concrete matrix has a lower failure strain
than t he fibre, i.e. 0,02 per cent as opposed to 2 per cent _;_'for
glass, 3 - 4 per cent for steel. Thus it is the matri> which cracks
first, leaving the fibres to span the orack and carry the load
assuming enough bond is aclieved between the fibres and metrix. For
effective reinforcament the fibres alone must be abls to ea,r;y the
load teken by ths cement mix just before it cracked. The volume
fraction of fibres necessary for this is, of course, limited by ths

fabrication end compaction techniques.

3.3 _Laboratory Proceduregs

The aim of these tests is to see the variation of the structurel
properties of the matrix by varying the fibre content eand water cement
ratio. To esee these variations:only steel fibres of aspeot raticof 17
were used in different percentages by weight, in varying water-cemsnt

ratio mixes. (Note that rapid hardening cement was used throughout. )
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Samples of 50 x 40 mm. cross-section 500 mm. long were poured in
mold-greased, wooden based, steel walled molds and vibrated on an
'Allem' vibrating teble, type 230/1/80 between 30 and 45 seconds.

The samples are kept in a moist environment far 24 - 30 hours and then |
transferred to a temperature controlled curing tank to be left there
for anotlier six days. Then they were tested in direct tension with

an "E-type Hounsfield" Tensometer adjusted for 4mr/sec crosshead
movement. Since relative strengths and strains of each sample were
important, all the deflections and strengths of the samples were

recorded on the tensometer standard equipment.

It has been observed that even though the first crack appears
relatively soon, the strength of the sample is not lost, but decreases
with filre pull-out. In oiher words, the stress~st®ain curve looks

like a parabola.

To by-pass complicated stress concentration calculations for
sections with holes, additioral reinforcement iz required around the
tensometer clamp holes of the samples to make sure they fail somewhere
in between the holes rather then around the holes, which is more probable
due to reducsed cross-section with existence of holes. The failure of the
- full cross-secticn was echisved in approximately 89 per cent of the samples.
There were tlree samples tested for each kind of mix shown in Figures 3.9-3.11

end only avernge valuss are given in the Figure. 3.5

Ono of the Y ggest problems observed weas the homogeneous distrib-

ution of the rewinforcement within the matrix. Tho fibres have a great
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tendency to form 'bird-nest like' bundles in low and high water-cement
ratios. If the fibres are to be mixed into the cement without any
water, bundles start forming ignéring the presence of the cement.

The best water/cement ratio seemed to range between 0.35 = 0.45 to
56# the best homogeneous mix for a given quantity of fibres. At
highar water contents due to the high density éf the fibres, these
tend to settle at the tottom of the mix and formm bundles, leaving ths
rest of the cross-section unreinforced. In this work it vas possible
to achieve a reasomalle distribution by mnual means due to the small

size of the samples. This was possible for all water/cement ratios.
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Figure 3.8

Average Velues Of Modulus Of Elasticity For

Different Mixes

w/C £/o B Craol;
per cent 2
by weight N/ua N/mn
3 2515 143
b 3019 1.76
Oa4
5 44,02 2420
6 5603 2.4.2
3 213 102
L 2815 142
0.45
5 3609 155
6 5034 1.72
3 1936 0.96
4 2512 1.20 -
0.5
5 3193 1038
6 4300 1.69
3 1850 0.73
L 2413 1.07
-0.55
5 3100 1.20
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3eL4 Discussion :
i

The tests were designed to achieve the suggested criticel 1

fibre spacing by other workers, and observe the improvement on

the strength of the section with increasing fibre content. The I

results are presented in Figure 3.8 and plotted in Figures 3.9
- 3012 and 3018.

The improvement in strength can be approximated as a straight
line. The relative percentage increases in strength are given in
Flgures 3.15 - 17, As reinforcement increases, the direct tensile
strengths of the sections were increased with increasing fibre s
oontent even though this increase in total was not a great amounti;

but relative inoreeses wei» considerable. (Figures 3.15, 3.46)

As mentioned in section 3.2, the expected high increases in

strength were not recorded. This might be due to decreasing the
workability of the matrix by adding vast amounts of -fibres, dbut
contrary the Edgington et.aljrelationship, the strength increases

were continued beyomnd critical percentege. This indicates

oritical percentage of fibres was greater than calculatsd in

i
%

]

Equation (20), even though K is taken as 1, because there was no

aggregate in the samples, which shoculd have given the highest

T vy vt 4 1 D A T

po ssible critical percentage for the aspeot ratic of fibres
oalculated. But Figure 3.17 shows the smoothening of the

approximation curve of percentage increase of streangth that

R T AR e fyaps g ied

workability has an effect on strength at high percentage of

fibres in ths matrix. : . !




The values of modulus of elasticity for different water/camtent
ratio and different fibre content are plotted in Figure 3.13. An
approximately lineer inorease up to a fibre spacing of 3.31mm is in
accordance with strength graphse A further high jump after fibre
spacing of 3.31mm may suggest that a further cracﬁ armst occurs
below the fibre spacing of 3.31mn. This means that strains are
smaller for higher stressess In other words, the filrcs hold the
binder together better, or do not allow the cracks to extend as
much as they do in higher fibre spacing. Since it has heen observed
qualitatively, that failure is mainly a bond failure of fibrs to
binder, the crack-arrest ococurs for a shat time while a slowly
increasing load is applied, reducirg strains; but eventually fibres
are pulled ocut, destroying the crack-stop mechenism. Due to high
concentration of fibres b&nd streer 1s lower around fivres at
higher loads compared to lower fibre content. Lower strains are

thaaght to be due to fibres stoppirs ihe minute cracks extending.

The effects of high water content on the matrix can bo seen in
Figures 3.13 ard 314 The sudden drop of modulus of elastiocity and
of strength between O.L4 and 0.5 suggests that water content of the
mix should be very closely cantrolled. Arowmd Q.4 ratio, because the
minimum workebility in pouring the cement-fibre mix staris sbove a

water/content ratio of 0.35.
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Per oent Relat ive Increases in Strength
with Varying Fibre-cement Ra%ios for
Different W/C Contents.

Strength

vi/c £fo per cent increase

per cent relative to 3 per
—_— by weight cent
0.l 3 0
Ol b 23
0.l 5 Sk
Ook. 6 €9
0e45 3 0
0.45 b 39
045 5 52
045 6 69
0.50 3 0
0,50 A 25
0.50 5 40
0.50 6 76
0.55 3 0 f
0.55 L 47 *
0.55 5 6 i
0.55 6 96

o e S



Average Increases

In Strength

Theoretical © Average

fibre spaocing per cent

Mlls, increase
425 Y
3469 34
3631 55
3.02 78

Base figure fibre spacing of 4.25
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CHAPTER L

SANDWICH SECTIONS

Introduction

A structural sandwich beam can be described as a composite
construction of alternate layers of dissimiler elements, where
two outer layers called faces are of high density material with
high stiffness and membran’o strength, and the central layer

between two faces, ths core, is of low density, strength and

.stiffness.

The functian of the core from a structural point of view is

" twofold. Pirstly, the core must kesp the faces apart and stebilise

them. It must possess a certain rigidity ageinst defomatiion

perpendicular t the plane of the faces. Secondly, the core must
enable the faces to act as the outer layers of a beam, and to this
end it must possess a certain shearing strength so as to transmit

stresses from one fece to the other.

The advantages of cement based sandvriéh beams and/or panels
are considerable and can be listed as follows :
1. Good strength to weight ratio,
2. Jmproved thermal insulation,
3. Good surface finish due to_aggregates beding
omitted fram outer faces,
.h.. Loss dead-weight results economic sections for
ocolumns and foundations,
5. Also the advantage of the fire resistance of tho

coment~bagsed products.
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Numerous combinations of different materials can give the
above listed advantages, but the ideal sandwich materials are
those with low density, relatively high compressive strength,

high shear strength, good bading characteristics, and low cost.

The lightweight compqsitg of expanded polystyrene beads
with cement is s_andwiched between two layers of fibre reinforced
cement faces to obtain a reasonably strong structural cross-section.
The low average strength anis damnsity of the sandwiched section,
the ocore, and relatively high strength of the outside layers, ths -
faces, makes possible the constructim of sandwich sections. In
analysis of the beams, ordinary bending theory and simple sandwich

theory assumptians are used,

The tosts in this part of the research are carried out to
compace the structural property values of thiy face and core
materiaZs thet have boen tested previously and to ses qualitatively
and quantitavely the behaviour of these two materials sandwiched
together. Ths other reason lis to pour these meterials on a bigger

scale to study the problems cncountered during production.

Theoretical Considerations

The assumptiocns made to simplify the analysis of the sandwich
beams can be listed as follows : |
4+ The whole cross-section, the core and the faces,
are assuned to be elastic a2nd isotropic,

2. The core is homogensous,




3« The normal stiffness of the core parallel to the
faces will be neglected; in other words, the
oore is assumed to carry no longitudinel normal
stresses, o’0 , |

4+ The in-plane nomal stresa.aes in faces vary linsarsly
across the face thickness; as in the Maxwellien
olassicel beam thebry. This requires the in-plane
shear stresgsto vary ;Ltnearly also, starting from

zero at the outer face.

The essential difference between & sandwich beam and a beam
obeying the asmumptions of the engiueering theory of bending is
that the shear strains in the core of a sendwich beam may not be
néglected, gince the core has a low transverse modulus of
rigidity, Gc. From the assumptim dc=~ 0, it follows that the
shear stress '.l‘c in the core is indepmndent of the depth of the

crosa=section.
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The partial deflections Wb and Ws due to Bendir.\g and shear
respectively, form the total deflection W and can be expressed in
mathematical terms ns

W= W +W . (1)
where partial bemding deflection can be calculated from the usual

engineering theory of bending.

The theoretical centre deflection of the beam under three-point

bending from equa‘dion {41) can be witten as @

W = B + DL (1a)
4B8Ba 4S84
Shear stiffness can be expressed -
S = o + 1 2 "
= * 4
c )

where L is the span, P is the load, and @ is the width of the bcam.

The additfional stresses corresponding to the partial deflection
Ws can be famnd. The everage shear strain Y of the ."sa,ndwi ch element
is relz'tted to the core shear strein ’YO by -
(6+£)Y = oY,

thus T = G°Y = o+ ¢ = ¢+ ¢ ‘
o 0% - G;Y ===c W (2)

a dash denoting differentiation with respect to x.

In general, the shear force will be & function of x and
therefore there will be a curvature WB". This locel curvature does

not contritute to the curvature ¢’ of the sandwich element as a




whole; it causes bending moments, but no resultant normal forces
in the faces. The stresses oorresponding to the ocurvature Wa" can

be camputed from the engineering theory applied to the separate

faces,

Teking X-axis between the faces, the normal stress in the
fibre Z of the faces then is -

-E_ZN. " - E_Z Ws"

gz - T £
Zp = Z- 2(c + £) for upper faces
Zo = 2+ %o+ f) for lower faces

Integrating over the thickness f -f the faces for unit width of

beam we obtain the normal forece in faces -
N, = L Ef(c + £) W (3)
In each face the bending moment iz -
M, = 1/12 B LW "+ W %) = BWe (1)
Bf being the bending stiffness of a face. The sign. convention is

given in Figure L.q.

After substituting equations (3) and (4) total bending
moment

M = BAM + 2B (5a)

Equation (1) and (2) gives

B(W'" - /Y!) + ZBfw" (5’b)

B
n

vhere B = 3 Ef(o0 + )2 B, =1/12 Erf3 (5¢)
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The bending stiffness of the beam computed according to the
englneering theory is, B, = B+ 2B,

- n "
therefore M = BW," + 2BW_ (5a)
Tedx
—
?:,:Nf <« —a N, + N.!ax
e oy  —

Figure 4.3 ZElement of lower face.

Ihis formula can be written from the physical discussion of
Figure L.2. However from Figure 4.3 showing on elemont of the

lower face, it follows that

T, = -N’f' = --}Eff(o+f)wb" (6)

Combining equations (6) and (2) we can have s simple relatiomship
of partial deflections -

Ws'_ = -%f_ffg wb'" (7)

G
¢

Vie can express thoe straln energy stored in en elemsnt dx of

beam as fallows ¢

du = 2% Nf #(c + £) W+ 2% MfW" + % T02°

G
¢

=
A
H
.b:
k
4

Ty




Whore 3(o + f) W," is the axlal strein of the faces and W* is
the totel curvature of the faces. ' Substitution of equations (2),
(3) ana (4) ylelds -

= 2 n2 ne 12
du = F BW + BW + -}sws (8)

Applying the engineering thsory of bending to the beam under

cossiderstion it is also found that -
T, = #ESL(c+f)Q ~_Q
B c+f
: c
So can be camputed by equating the shear strein energy of an
olement dx, '1‘02 cd:q/ZGo 4o the work done by the shear force, which

is $Q¥ax = Q2d.x/280 by definition. (Reference No.17)

This leads to :

rf it = P4 = boex - (%)

T %,
Tczc = QE since T o _Q (9v)
—_.G s o + T
' C 0o
~ 2 - .
s, (_c_: £)° 6, (9)
(+]
S, Y s (94)

By introduotion of S intp Equation (7) this squetion takes the
form -

t = .
WB = .}éwblll
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Also from a physical discuesion Bo cen be equated B for sandwvich

seotions with thin faces assuming :

c+f 2 10f (11a)
By = i E £ | (11v)
B = }Ef(c+£)? (140}
B3 % E£(100¢%) (11a)
B) % E, 100f’ (110)

600B,, & B

o'« B. ¥ B (112)

But it should be kept in mina that in regione of high rate
of change of shear the contributiorn of shear load to the bending
moment in the faces is considerable,and the secord term of

equation (53) cammot be negleocted.
For regions of low shear value, equation (51)can be modified
as -

M ¥ BR" - (12)

Experiments end Procedure

Sandwich beams tested were 120 x 4120mm. in cross-section and
1500mn. long. The face thicknesses were 10mm. each. Two of glass
fibre rvinforced end two of steel fibre reinforced 6ement samples
vero tested. ‘The bond failure of reinforcement with the matrix

under srmall bending tensile stmesses due to third point loading
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forced the author of this research to look for a m'ore effective
reinforcement for the faces. Wire mesh was found to be the most
suitable reinforcement considering the following points :

1. The length of the wire mesh; being continuous all
along. the length of the fece therefore providing
enough bond length to ensure a flexural failure of
the beam rather than a reinforcement to cement bond

failure,

2; ![_'he thickness of the mesh; <thin enough to be
embedded effectively into the 10mm. thick faces,
but thick enough to reinforce the section,.

3. Grid of the mesh; to find a large enocugh grid of
the mesh for an easy pcnetration of the cement
paste during pouring the faces after placing the
reinforcement, but also small enough grid to
achieve the ‘vritical fibre spacing' (see section 3)

for the crack arrest mechanism to work.

The suitable reinforcement of 1250 x 2500mm. sheet was supplied
by 'Expamet Litnited' of Hartlepool, with diamond mesh, order seriel
No. 1299. It was rolled from -expandod steel. The maximum opening
of the mesh was 1Cam. and thickness 2mm. Two mesh reinforced beams
were poured and failure stresses twice the fibre reinforced samples
was reached. In both cases the failure of the beams was due to

snapping of the reinforcement.

The mesh provided en effective orack arrest reinforcement from
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qualitative observations. The tested samples did not show any
visible oracks even after the reinforcement had snapped. A
further inoreese in loed opened a orack at the snap position,
and a bond failure ocourred due to longitudinal shear between
the top face .and the core material, _ . The
second beam reinforcement was cut 1im. wider on the sides

140 x 1520mm. and the spare lengths bent 90° to the horizontal
plane of the faces such that the bent lengths were ombedded into

the core of the beam. A better bond is achleved between sand-

ﬂched sections.

In the case of the fibre reinforced beams, there was no
apparent bond faillure between the core and the faces. Some of the
fidres were placed between faces an! the core material during

construction of thes samples. This might be the cause of the tetter

bond of the sections.

~ All of the samplé faces were poufed in the same manrer. (See
Section 3, For the faces). A different approach has been tried to
speed up the construction of the core. First the meximum amount
of beads that can be fitted into the core space is detormined.
Then these beads are transferred tcg_utjm electrically operated
canorete mixer end mixed with cement paste of water cement ratio
of 0.35 - 0.37. A homogeneous mix of density of 0.80 - 0.83 can
be aclieved with water-cement ratios of O.4. Since water only
holps the cement to change into paste end the method of pauring the
ocore is not significantly affeoted by the phyeical flow character-

istic of tho paste; a more rigid and stronger section of low-water
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content can be obtained. It is vital to observe and control
closely the amaunt of cement to be added, because it determines
the homogeneous distribution of the beads. With experience it

is simple to achieve the desired state of the mix.

Once this mix is transferred into the molds, tamping is
required to fit the mixture into the core spece in the formwork.
The left over is usually less than one per cent by weight of the
total mix. Since filling of the voids between the beads is
observable by sight, it csen be aassumed that a reasonably homogenecus

distribution of the beads end filling of the volds is achieved.

To construct the top face of the sample it is hecassary to
wait for the core material to set so that (i) the beads do not
move up into the face during vibration, and (ii) o echieve =
unifcer thicknass of the face, because in w3t state the core is
soft and compressible like an air cushion. The weak bond of ths
top face to the core can be related to the above mentioned time-

delay of pour of the sections.

All the samples had a constant water-cement ratio of 0.l4.
The steel fibre reinforced semples had a fibre 4o cement ratio of
six per cent by weight. The glass fibre reinforced fibres had &
fibre cement ratio of 0.33 per cent by weight. Repid hardening
cement was used for all the samples. The besms were transferred
to the temperature controlled curing tank after setting for

ebout 24 -~ 30 hours.
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The testing was done on a 150 Bradford Power Cylinder,
Serial No. 23379, under third point load. The midspan deflections
were measured by means of two 0.01mm. partition dial gauges placed
symmetrically on two sides of the loading cell, (see Figurel.),).
Spreader plates were placed ﬁy means of plaster of paris under the
support points of the samples to stop the supports penetrating into
ths core. A spreader concrete cube, side of 150mn. is placed under

the load. All the samples were tested t fallure.

Figire 4.5 Modulus of Elasticity
of Face Material.

p Cement: sand E
w/C £/o " _ 2

By weight by wel ght N/ma
-

Steel Fibre | 0.4 4% - 5603

Glass Fibre 0.4 0.33% - . L3k42
Wire Mesh Ouks - 4 ¢ 2* ) 8983" |

L

®# To be used for slab analysis.

+ Assuned 'E' value constant for sand-cement

mixes end purs cemsnt mixese.
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FIGURE 4.6 Steel Fibre Reinforcement
w/e = Ouy, £/c = 4 per cent by weight

SMidspan FS MidsI;an ;SAvemge ' S %
Load Right Lef't experiment- Theor- |
KN — — al étical | Error

m. mm.
Sample |Sample | Sample [Sample
1 2 1 2

0.11 0038 0.10 0.‘”4. 0.00 00076 0.09 + 8
0.22 0.45 | 0,20 | 0,22 | 0.00 0.22 0.418 + 22
0.33 0.52 | 0.30 | 0,28 | 0.05 0.29 0.25 + 11
Oully 0.59 | 0.38 | 0.34 | 0.14 0.36 0.35 + 2.9
0.55 0.65 | 0.50 | 0.40 | 0,20 0.4 0c43 + 2.4
0.66 0072 0.60 0.l|.6 “)028 0052 01525 - 1 .0
0077 0.79 0.70 0.53 0038 0.60 0.61 - 136
0.88 0,87 | 0.78 | 0.59 | Q.42 0.67 0.70 - L2
0.99 00910, 0.90 0.@ 0.54 . 0077 0079 had 205
1010 1003 1000 0076 0-60 0.85 0088 - 3:14-
1.2 1615 | 1642 | 0,90 | 0.69 0.97 | 0.96 +1.0
1 0275 - 1.16 - 0.72 00914- 1 lo1 - 7.3

NOTES : 4. Self weight neglected 0.27 XN = 0.418 KN/M

2. Beam assumed elastic until failure for
theoretiocal deflection.
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FIGURE 4.8 Glass Fibre Reinforcement

w/o = 04 f/o

per cent by weight

67

Load SMi(?.spa.n SMidspan |SAverage & Theor- %

KN R;ﬁt: t L:::: exp:n i..mental etl nc;].. Error
V11 0.85 0.80 0.83 0.10 730
0.22 0.86 0.84 0.85 0.2 305
0433 1.10 0.88 0.99 0431 219
Oull 1028 0.88 1.08 0.42 | 157
0.55 1.38 0.90 1014 0.53 | 115 1
0.66 1:45 0.92 1419 0.63 89
0.77 1.53 - .96 1425 0.73 A
0.88 1.60 1,00 1430 0.84 55 !

NOTES : 1. Self weight neglected 0.27 KN = 0.18 KN/M.

2¢

Bcam assuned elastic until feilure for

theoretioal deflaction.

3« One sample unrepresentative, possibility

of & potential crack in the lower face.




FIGUKE 4.9 Glass Fibre Reinforcement

Adjusted Deflectians and Percentege of

Error.

Load . | 8 Experimentals | & Theoretical % Error

KN Av::lage () '

0.14 0.1 0e1 - 0
0.22 0.12 0.21 38
0.33 0.26 | 0.31 16
0ol 0.35 042 17
0.55 el 0453 23
0066 046 0.63 27
0.77 0.52 0.73 2C
0,88 0.57 0.8 32

“ 0,73mn. subtracted fran the values below
(See Section hol)
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PIGURE 4.{{ Wire Mesh Reinforcement
W/C = O4lk

8 Midspan | 8 Midspan |B Average |, §° | @
Load Hent Left  (oxperimental | i¢ical | Error
XN wn, MmMe mn. m.

Smple [tfample |Semple | Sample

1 2 1 2
041 | 0,30 | 0,52 [0.15 | 0,02 0.20 0,06 | = 200
0022 | 0040 | 0.40 10,20 | 0.02| 0,26 0u11 | = 136
0.335 | 0.45 | 045 |0.22 | 0.02] 0,29 0,7 | = 74
0ol 0,52 0.12| 0.32 0.23 | - 39
0e55 | 0e52 | 0.58 [0.25 | 0416 | 0,38 0.28 | - 36
0.66 0.65 0,22 0.4k 0.34 | - 29
0.77- | 0.65 | 0.70 |0.32 | 0.2 | 0.48 0,40 | - 20
0.88 | 0.70 | 0.75 |0.35 | 0.28 | 0.52 05 | - 16
0.99 | 0.76 | 0.62 [0.38 | 0.32| 0.57 0.51 | - 12
1410 | 0.85 | 0.87 [0.42 | 0.38 | 0,63 0.56 | = 1245
1e21 0.39 | 0.93 |0.45 | 0.40 | 0.67 0.63 | = 6ok
1.32 | 0.94 | 0.98 {0.49 | 045 | 0.72 0,68 | - 5.8
1e43 | 1.00 |45.04 [0.53 | 0.50 | 0.77 0.7% | = et
.55 | 1.08 11,09 |0.56 | 0.53 | 0.82 0,79 | - 3.8
1.65 1¢13 |1.44 |0.60 | 0.58 | 0.86 0.84 | = 48
176 | 1419 |1.20 {0.63 |0.63 | 0.9 0,90 | - 144
1487 | 1.25 [1.25 |0.68 |0.68 | 0.97 0.96 | = 1.0
1.98 1e31 [1e30 (0,72 [0.72 1 1.01 1.01 - 0
2,09 | 1.37 |1.35 [0.75 |0.78 | 1.06 1.07 0.09




FIGURE k.92 Wire Mesh Reinforcement

Adjusted Deflectioms and
Percentage of Error.

Load 3 . S %
KN Exievgn;.‘nézrertal Thaoretical Error
M. mmMme.
011 0.06 0,06 - 0
0.22 0412 014 9
0033 0415 0.17 1z
Ooliks 0.18 0023 21
0.55 0.2 0.28 1%
0.66 0.30 0.34 12
0.77 0034 0.40 15
0.88 0.38 0.5 16
0.99 Oeli3 0.51 16
140 0.49 0.56 1
1.21 0.53 0.63 16
1432 0.58 0.68 15
1043 | 0.63 07k 15
1454 0.68 0.79 b
1.65 0.72 0.8% 14
1.76 © 0,77 0.90 b
1.87 0.83 0.96 A
1,98 0.87 1.01 1L
2,09 0.92 1.07 14

% o4, su'utraq'ted fromn the values below
(See seotion 4eok)
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24
‘54
- ¢ ¢ 4 } } 4 | h } }
1 2 3 4 5 6 7 & 9 10 11

FIGURE 4.,1% Faces Wire Nesh reinforced

'ﬂ/c = 0 . Ii-
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Loy Discussions
The meesured deflections are compared with the expected
deflecti ons in Figures 4.6 to L.43. The high percentage error

at the beginning of the experiment suggests that some experimental

error bas taken place. At the start of the experiments in all the
samples. This might be due to the test beam actually locating

itself, i.e. penetration of spreader plates.

The measured deflecti ons a.t‘ the beginning of the experiment
were much higher than epected. Therefore it was felt that
éubt:'aoting the difference of expected to actual deflection at the
start of the experiment from all the values measured throughout the
expeiiment and re-analysing the graphs would give a better plcture
of the behavicur of the beams under the load. The measured
deflections at the start of the experiment were noi tue actual
deflcctions due to loading of the beam and gave no idea of the
structurel behaviour and of the checking of tke structural

propertles of the beam.

As can be seen from the results of the steel i'ibre reinforce-
ment, Figures 4.6 and 4.7, this adjustment was ncy necessary for
steel fibre reinforced beams because at the begiming of the

experiment a high jump in the dial gauge reading was not observede

It is believed that the most variable fector was the actual
value of the modulus of elasticity and rigidity values in these
exporiment s, which will be tho main cause of ths differenco of

the actual end theoretical deflection values. The other main
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faotor is the actuwal thickness of the faces. Even though a

reasonabtle uniform thickness of the faces can be achieved, it
is practically lmpcssible to pour a perfect uniform thickness
‘with the methods used in this research. The contribution of

the thickness of face is very high to the bending stiffness of
the section therefore to the deflections. Small variation in
thickness of the fece é.t maximum bending moment positions cen

affect the expected deflections to a great extent.

The maximum error of 416 per cent on adjusted results for
wire mesh beams, 38 pa cent for glass fibre beams, 22 per cent
‘for steel chopped wire beams is considered to be within reason-
able error limits. The unuavoidable experimental errors, such
as twisting of forms, equipment calibration irregularities, etec
coupled with ths section thickness variations, variable struct--
ural property values and considering the assumptions of deflection
theory suggest that tho values found in the earlier-parts of this

research are correct within the error limits.
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4+5 Beam Finite Element Analysis

‘With the program already available (See seotion 4.6) a
finite element analysis was done to further check the results

of the besams.

The input and output data is included in the AppendixJl
The results are tabulated and piotted in Figures L6 - L4.21.

The input data is shown on Figure 4.15.

Since modulus of elasticity and shear modulus have heen
calculated by experiments for the core, the Poisson's ratio
value is calculated from the relationship

G (4413)

= _E__
201 +v)

TFor the face material it is assumed Y = 0.3 end the shear

modulus is calculated accordingly. °

The beam was loaded on node points 1560 and 2560 with a
unit load. To achieve a statically determinant condition the
beam was restrained in they -directicn, both faces, at node

points 2000 and 2060. (See Appendix II)

This simple beam analysis served to demonstrate the
validity of the numerical model so that a similar analysis
of ths sleb could be performed with greator confidence. The
oamparison of the laboratory and numerical model deflections

appears to be vexy good.
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Sandwich Slabs

"In this part of the research a sandwich slab 120Cmm.
square 120mm. thick with wire mesh reinforced faces 40mm.
thick was poured. Using the structural property values
found in the earlier parts of this resesarch a finite element
snalysis -was done by meens of the available 'Irons-Quad‘
computer progrem. This program is develcved at Swansea
University for general finite element analysis and revised
by Dr. G.M,Parton and his research assistarts to take care of
the stresses and displacements induced by considerable sghear
oflections, therefore making possible the analysis of the

sandwich plates and beums.

The results of the camputer run are comnared with the

actual experimental values the results are tatulaied and

" plosted. The deductions are discussed in Sectiam L.10.

Laboratory Procedure

The formwork was designed to use the minimum amount of
mould material for a reasonable size of slab tiuat can be
febricated and tested in the laboratory conditims. It was
felt that fabricating the mould walls and using the floor
a8 the bottam of the mould would be practicable. (See

Figure A.1.4).

First an equal angle frame was built uslng Dexien

gection No. 225, 1200mun. long on the perimeter. Then
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4250mm. long planks, 400mm. high were Wolted to the Dexian
frame by 10mm. long bolts 4 No per corner.

The Dexian frame serves as edge stiffeners to stop the
supports penetrating into the s3lab and also the reinforcing
mesh is placed an top of the bottom leg of thg angle which
ensures the reinforcement lays on the midplane of the bottom

face.

Finally a FVC sheet with edges attached to the walls of
the mould on ths outside, was provided at the tottom of the

formwork to hold the mix inside the moulds.

To test the sample and to measure deflections, the slad
had to be lifted to be placed on the knife edge supports. Tc
facilitato the lirting operation, four lifting lugs were plcred

symmetricclly inside the moulds.

Afteir ths sample was poured and cured for seven days the
slab was lifted hy means of a 3 cwt capacity 'Coolie' fork 1lift
" Serial No. 4100-68 and 20 cwt capacity hydrsvlic crane Serial
No. 4264 8434.

The pouring of the sample wus done in a similar manner
as for the beams. A wirs mesh continuous throughout the plane
of the face was placed on top of the leg of the Dexian fraze.

The pverticulars of the wire-mesh are the sams as for that used
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for the beams. To avoid sag of the mesh due to own dead
woight q.t centre of the mould, 4mm., thick 50 x 50mm. wire
mesh pieces were placed at 300mm. intervals. This ensures
the reinforcement is, i) parallel to the plane of the faces,
» 11) embedded in the faces thorouzhly. The wire mesh was
bent all along the edges, about 10mm., ninety degrees to the
plane of the faces, so that the reinforcement did not move
relative to the core and a 'better'bond was achieved betwsen

the faces and the core.

All the mixes were poured in the same manner as des-
eribed in section 4.3, but mixed in a concrete mixer, Type

310-1 5, Ser i al NO . 3935’-}-0.

Tamping was vital to ensure that the paste penetrated
below the mesh. A tamper MOm.n deep, 30mm. hanile, 1{0nm.
below the top of the walls, was fabricated. Th; bottom face
was temped in its place. The purpose of the tamper was,

i) to act as a vibrator to compact the cement paste, ii) to
measure the thickness of the bottom face, since the floor was
perfectly lavelléd, the walls of the mould were ninety degrees
to ths floor, and the tamper did x;xot deflect, i.s. was of

infinite rigidity.

Once the required thickness and the compaction of the
face was achieved, the unsatisfactory irregularities were

ourrected by means of a float, it the surface as a whole
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was never mede smooth.to help the bond between the face and

the core. ) A

The core material was fitted ‘by means of another tamper
10mm. deep below the hardle to ensure the even thickness of
the top face. Once the coire was fitted about four hours

lapsed bafore the placing of the top face. {See section 4.3).

The top face wes poured in the same munner as the bottom
tace, but the top surface was made snooth as much as possible by

s float.

The whole slab is covered with wet cloth anﬁ . PVC sheet

far about 72 hours I curing purposes.

A constent water~ccuent ratio of 0.4 was maintained for
all the mixes and a sand : cement ratio of 2 : 4 was used for

face mixes. The sand was fine building sard.

The sieve analysis is given below.

Mesh No. & Passing

18 9%
25 ' 76
52 37
72 21.8
400 7.8
170 1
200 0.4

Fan 0




~ British Standard Sieve Sizes
% Passing 100 72 52 25 18

400 L
90 1 .

180 L

70 1 /

60 {

_fg;; | /
-30 {

20 |
21 | |/
0

-Particle Distribution
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AN

L.8 Testlng the 3lab

The slab was simply s;.lpported all along the edges of
the slab. Tha knife edge suppor’ts' wore placed directly
undér the edge stiffening angles. The knife edge supports
were connected to each other at the corners to stop them

moving due to rotations of the slab under load.

The slab was loaded centrally with standard weights
of 100 newtons each as shown in Figure 4.22. The dial
gauges and ‘'Demec' 50mm. length mechanical strain gauge
points are located as shown in Figure 4.22. )

A total of € No. dial gauges were used. The strain
gauge points were r.t three positions, 6 points to each
position, (a total of 18) were fimly attached to the top

of the upper face by means of 'Araldite.’

About 48 hours elapsed between ths  location of the

gauge points and the testing, in order for the 'Araldite' to set.

The central load was applied at 2000 newton intervals,




and strain and displacement measurements were recorded. The

values are tabulated in Figures 4.21 and L.22.

All the measured strains are converted to the principal

strains by means of the Mohr's circle,and then converted to
the principal stresses with the relatimships below to

compare the results with the finite element analysis outputs.

61 E(&‘ + Y£2) (Equation 4.14a)

T

0 E(82 + YE ) ' (Bquation L.14b)

(1 ~-v?)

o8
n

After removal of dial gavyes the slab was loaded at the
centre with 7 kn central load. There was no sign of failure
orrexcessive deflections. Expected failure load was 23.6kn
central éoncentrated load comparing the beam failure load to
slab finite element stresses, The loading condition was
changed and the slab was loaded with uniformly distributed
load, 9 kn/mz. This loal was left on the slab for about 48
hours. The slab was strong enough to take this load. No

excessive deflectione or failure cracks were observed.

The slab was then transferred io the 'Denison' lceding

rig to test it to failure.

There were no local failures. The first crack was observed
on the tension face about 25 kNlemAt 42.8 kN load tlie bottom

face reinforcement snapped and the crack opened between the two

opposlte sides.
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- PICURS 4.17

b4

Section OFf The

Slab Snnlvced

[§}]

-t




5 qeTs " —.
| R o | -l
b (6) e
[>5) L
) _ o | . ONC 005+
]
<z~ 1
_ ( |
m 0002
[
I (9})
! T 0062
_ 000§
(L) edpy
s 1
x -z |
| (er) !
z
| £ 00G%
||||| cosh
|
S TRI omny]
*ON X9pap ®B3Eg ndiIl = uwm=oy b 0008
odfy wor=1¥ = -'Oi-
_ sIaqumy juewsTy = ("oN)
|

suof3Tsod a8uwy TeIq ©

09

&4

csl

c'e

(&

09¢

o
N
-4



Centre Line

SIah

2010

3Q10

—
=
=
o

89

6010

T e
dre .
bt i U

2020

o

4020

5020

A\

—t

o v

- eticnl

1.5

1.5

20%0

o
..o
AN O

Q
(—../
2.9

'\
=
S

AN
e @
\D O\

FIGURE 4.19

S1-b Deflection

0.5 ic
1,0 E:oerinen

Under 4.m Lentrnl Lond

«55 Theoretical
oL
%]

al

Wode Points

™eoretical
Lxnerimentol

Yiode Points

Theoretica

Emerincental

Hode Points

008 Experi.-..
men tal

Tiode Points

o

T

iode i

et

Thoor-

All Dcflecﬁions

10" “mm,

Theoreticol

4]

ut

Corrmater Uutr
Lo be rend in

conjunciion with

Pisure. be18e



4e9 Elad Computer Finite Element Analysis

Sime the slab was tested under a central point load,
and supported symmetrically all around the periphery, and
thé dimensi ons of the slab are symmetrical with respect to
geometrical centre linss (See Figure L4.17), it was felt
that analysing only one eizhth of the slab will show the

structural behaviour of the whale slab. -

A unit load was placed on node point 41555 and 41055
{See Figure 4.15). All tho input and outp:t data is included

in the Appendix for furthor reference.

The Poisson's ratio and face shear rigidily velues are

caloulated as described in section Les,

0

bt 2 et i 7



Dial Gauge Vertical Vertical Per cent.

Theoretical Experimental

Displacement Displacement
(mm) (om)

Position Error

1 0 0.008% -

2 . 0.010 - 0.016 + 60

3 0.006 0.010 + 66

A 0.046 0.039 - 6.65

5 0.029 0.029 0

6 0.013 0.016 + 18.7

% Due R'otat ion

FPIURE 4.20 Theoretical and Egggerimental Vertlcal
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‘ Maximum Minimum
Dial
Gauge Principalzstress Principal .ztress
Position kn/m kn/m
Experi- "I‘heor- Experi- | Theor-
mental etical mental etical
Element 51’2 56.3 54.08 L1.35 - 8.72
Element 241 | 34.5 101.83 21,7 | - 96.77

92

1e See Finite Element Anzlysis.

2+ Average Valuss for Position 1 and 2 of Dial

Gauges.

FIGURE 4.21 Comparison of Theoretical

and Experimental Principal

Strosses.
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L.

Discussionst

The results are tabulated in Figures 4.20, 21 and plotted in

Figures 4.16,19:The differerice between the actual anmd experi-
mental values are within the experimental error limits due
to inaccurﬁcy of the machinery, essumptions of the finite
element énalysis program i.e., the rotations are not fixed
between the elements, thereforc a discontinuity of the
curvature of the element boundaries occur. But the main
cause of the difference of the theoretical and expsidmental
values occurs due to the fact that in reality the section
does not behave either as a whnle or the faces behave |
separately. The present author believes thet this btchaviour
is somewhere in between dus to the weak bond of the faces to

the core.

The principal stresses mersured do not represent any
actual strains and stresses. Siuce the strains :’were in the
oxder of 107 the strain values were already in the error
limits of the strain gauges. The refore they do not represent
any actual values. Even if the expected strain were of a
reasonable order, a high' percentage of error is expected

between the actual and experimental values.

Congidering the points discussed in section 4.4, the
displecement values are within aéceptable limits. This
suggests that the stress values cax.lculated in thne finite
element analysiz should give a reliable guide to stress and

strain levels in the prototype slab.

)
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The unexpectedly hiéh fellure load might be due to the Dexian
frame being welded on the comers. This might have limited the
tensile strains of the bottom face and caused cracka not to extend,
therefore increasing the reinforcement snap load, because when the
reinforcement failed the Dexian frame corner weld failed. The

first observed crack was in the regior. of the expected load.
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CHAPTER 5
CONCLUSIONS

At present, concrete ié generally avolded in canstruoting
sandwich sections; but the easy availability and cheapness of
ooncrete relative to other materials should force future sandwich
research workers to look into the possibilities of constructing

comecrote sandwich seotions.

In this research a possible way of constructing cement-based
sandwich sections is investigated. Some methods of pouring have
been developed, and other methods of pouring have been given in

the references.

Also the structural property values of the material are
calculated with the results of the .experiments. They have been
checked at a laSer stage with simple theory and 'Finite Element
Analysis'. The values are found to be correct within the

axperimsntal error limits.

Relevant theories to analyze the sections are given with

modifications to suit the undertaken investigation.

There is a great deal of-work to be done theoretically anmd
practically to achieve an easy commercial use of the cement based
sandwich sectims such as roof slabs, walls, and load carrying

members, i.oc. bsams amd columns.

96




The poor adhesion ard cohesion of cement requires further
investigations to increase the bond between the core and the

faces.

The irregularities of the ‘thickness of the faces and the

compaction of the core cen be easily overcome by neat workmanship,

experience, and advanced type of moulds in case of mass productions.

The fadllowing topics are. suggested for the continuztion of
| the present study :
i) The effect of the web reinforcement on the stability
of ths core of sandwich sections in bending,
ii) Heat and noise transfer of the sandwich panels,
iii) Shear strength between the layers of sandwich sections,
iv) Study of the location of the neutral axis and effective
compressive and tensile zonas with varying reinforcement

in the faces.
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APPENDIX II

' COMPUTER__ INFUT _AND _ OUTPUT

FOR BEAM FINITE ELEMENT ANALYSIS
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