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SUMMARY 

This p ro jec t i s concerned with the p o s s i b i l i t y o f u t i l i s i n g 

cement i n the oonstruotion of sandwich beams and slabs* 

A method was devised t o pour the l igh twe igh t core wi th 

expanded polystyrene and cement paste* A model inves t iga t ion i s 

undertaken to f i n d the s t r u c t u r a l properties of the matrix and 

t o invest igate the e f f e o t s of varying the water-content. 

For the faces of the sandwich, f i b r e reinforcement i s used. 

Invest igat ions have been done to see e f f ec t s of the va r i a t i on i n 

reinforcement and the water content on the engineering propert ies 

o f the sect ion. Formulas r e l a t i n g t heo re t i c a l f i b r e spacing are 

rearranged and r e l a t i v e densit ies of d i f f e r e n t f i b r e s to binders 

are calcula ted. 

The l a s t par t of the p ro jec t i s mainly the oonstruotion o f 

the sandwich beams and slabs on a l a rge r soale t o see the 

p r a c t i c a b i l i t y of the methods devised and to oheok the values 

tha t have been found i n the e a r l i e r par ts of the pro jec t wi th 

the a id of f i n i t e element analysis . 
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CHAPTER 1 

HISTORICAL BACKGROUND 

The Egyptians were perhaps the f i r s t to use the p r i nc ip l e s of 

sandwich construction many centuries before Chr i s t . Egyptians used 

a method o f sp l i c ing strong wood on the ex te r ior o f i n f e r i o r wood t o 

obta in stronger members. There i s also evidence that the Germans used 

laminated steel i n t h e i r armour as ear ly as the f i f t e e n t h century. I n 

B r i t a i n the ea r l i e s t example o f s t r u c t u r a l sandwich u n i t was during 

the construction of Bri tannia Bridge i n 1 8 4 6 , i n North Wales* Sandwich 

panels made of i ron sheets and wood core were designed by Robert. 

Stephenson f o r compression. (Ref* No. 1 ) 

The greatest boost to s t r u c t u r a l sandwioh design construction 

came during the Second World War f o r the a i r c r a f t indus t ry . Mass 

produced 'Mosquito Bombers' had a sandwich plywood-balsa fuselage and 

wings. Radar industry has also benefi ted from sandwioh panels. The 

s t i f f dome-like shields were made from non-metal faced o e l l u l a r rubber 

honeycombs and foamed p l a s t i c s . (Ref. No. 2 ) . Some other examples 

of dome8 oan be l i s t e d as the hundred and f o r t y f e e t diameter 

American B a l l i s t i c Miss i le Early Y/aming System, which is made of 

honeycomb sandwich construction w i t h basic skin thickness of 0.042 

inches and o f K r a f t paper core 6 inches 'chick. (Ref. No. 3 ) • Also 

Forest Products Laboratory i n the United States shows e f f o r t s i n the 

use of s t r u c t u r a l timber e f f i c i e n t l y as sandwioh u n i t s . 

I n the l a t e F i f t i e s sandwioh panels started to appear i n 

b u i l d i n g oonstruotion f o r experimenting purposes* The Monsanto "House 
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of the Future" i n 1956 was a prefabricated she l l made as a laminated 

sandwich panel w i t h a f o u r inch honeycomb core and glass f i b r e 

re inforced polyester faces. Even though t h i s was a s t ruc tu ra l success, 

i t could not compete economically with t r a d i t i o n a l b u i l d i n g techniques 

at that t ime. I n France 'Salon Des Arts Managers De Par is ' b u i l t an 

a l l - p l a s t i c s prefabricated panelised system house that weighed only 

eighteen hundred pounds and had s ix thousand cubic f e e t of u se fu l 

volume. (Ref. Mo.4 ) . I n 1958 a house i n Germany was b u i l t f o r 

Stu t tgar t Exh ib i t ion wi th sandwich un i t s made o f aluminum fac ing and 

p las t i c foam core. I n Russia, I t a l y , and Belgium there are also 

examples of these kinds o f houses. 

•The mathematical analysis o f sandwich panels have a t t rac ted 

a t t en t ion i n research comraunitii»s as w e l l . "The early work of Argy r i s , 

Zienkiewicz, and Clough made i t c lear that f i n i t e element analysis must 

be the f i r s t choice i n seleoting a technique of numerical analysis to 

deal wi th polyhedral sandwich s t r u c t u r e s , . Reissner and l a t e r Green 

reintroduced the shear component i n plate analysis , and notably 

accepted the v i a b i l i t y o f a l i n e a r v a r i a t i o n i n shear stress i n a 

sandwich plate . . . . work was l a t e r extended by Reissner and others ." 

(Ref. N o . 5 ) • Then Sander invest igated the e f f e c t s a t j o i n t s between 

panels, and Abel and Popov included shear i n the faces .* (Ref. N o . 5 ) . 

Now a more or less complete mathematical analysis of sandwich panels 

i s possible wi th researoh work done i n t h i s f i e l d . (For other 

inves t igat ions done see Reference N o . 5 ) . 

I n the past years, l i t t l e a t t e n t i o n has been paid to the possible 



use of concrete i n sandwioh construct ion p a r t l y due to the undesirable 

propert ies of the weak core and the ease of mass production oould not 

be achieved in f i e l d prac t ice . Since due to h igh ly advanced technology 

i n the recent years, the propert ies of the l igh tweight aggregates have 

been considerably improved and the use o f preoast l igh tweight ooncrete 

i n sandwich construct ion i s now possible . 

Cement possesses the advantages of f i r e resistance, fungus and 

rodent proofness, r e l a t i v e easiness i n preparation,and cheapness, and 

c a s t a b i l i t y i n almost any shape i n t o a form at low cost . I t has the 

disadvantages o f bad i n s u l a t i o n , high densi ty, poor adhesion, and the 

long time required to develop f u l l s t rength. With the idea of mass 

fac to ry b u i l t homes a f t e r the l a s t world mar, extensive research 

started i n t o low density and high i n su l a t i on concrete. Three main 

methods o f making low density concrete have been t r i e d . 

• Adding low density mineral aggregates such as "Per l i t e " 

or "Vermicul i te" , 

• By pressurizing con t ro l l ed quant i t ies o f a i r , water,and 

foaming agent through a foam nozzle i n t o a s l u r r y , 

• By blending i n organio polymers or inorganio beads. 

The f i r s t two methods have drawn the a t t en t ion o f the researchers 

more than the l a t t e r one. Most of the work done wi th the l a t t e r method 

took place i n p r iva te company research labora tor ies . (Ref. No.6 )• 

In The United States of America Koppers Company pzoduoed a l igh tweigh t 

concrete wi th polystyrene beads patent i n 1 9 6 2 . (Ref. N o . 7 ) . Then 

Robert Sefton got two d i f f e r e n t patents i n 1 9 6 5 and 1 9 6 6 (Ref. No.8 and 9 ) 
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by changing the method o f mixing the beads i n the concrete mix. While 

Koppers Company was pu t t i ng the v i r g i n beads i n the mix then applying 

heat and expanding the polystyrene in to the voids of the mix, Sefton 

suggested covering the beads w i t h surface-active add i t ive g iv ing the 

mix a pourable cha rac te r i s t i c . By homogeneously d i s t r i b u t i n g the 

aggregate phase through the binder phase. 

I n 1972 G-runman Aerospace Corporation and Ache Chemicals and 

Insu la t ion Company published the work they have done with polystyrene 

bead mixed concrete poured as wal l panels. Sections are claimed to 

be inflammable when exposed to 1800° F. heat f o r t h i r t y minutes, 

d r i l l e d w i t h ordinary oarpenter too l s , eas i ly na i led or screwed, 

high degree of heat and sound i n s u l a t i o n . (Ref. No.10). With these 

propert ies polystyrene bead concrete i s expected to have very wide 

p r a c t i c a l appl icat ions i n the near f u t u r e . 

The s t r u c t u r a l h i s to ry of the face mater ia l that has been used 

i n t h i s research has also a very recent background* Serious e f f o r t s 

to develop commercial applicat ions f o r f i b r e re inforced cement and/or 

concrete are j u s t a few years o l d . Appl ica t ion areas i n which 

s i g n i f i c a n t f i e l d t r i a l s have taken place i n The United States, Great 

Br i t a in , and Western Europe include overlays f o r bridge decks and 

pavements, highway and a i r f i e l d , mining and tunne l l i ng appl ica t ions , 

slope s t a b i l i z a t i o n , r e f rao to ry appl icat ions , concrete repai rs , 

i n d u s t r i a l f l o o r s , and preoast concrete products. For these app l i c ­

ations experience has been gained mainly w i t h s t ee l , glass,and 

polypropylene f i b r e s as reinforcement. (Ref. No.11 ) . 
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Although fibre reinforced cement/concrete is not a new idea, 

within the last fifteen years or so, serious consideration has been 

given to the U3e of fibres to improve the engineering properties of 

moldable construction materials. The results of research work on 

steel fibre reinforced concrete were f irs t reported in the early 

Sixties by Ronualdi. Serious efforts to study the material in 

coranercial products and applications began in earnest in 1971 

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 preoast 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 i s considerable amount of work done 

in theories of fibre concrete/cement and properties and testing of 

concrete/cement containing 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 

Man del was mainly the study of she matrix as a whole and changes in 

the behaviour of the matrix by introducing fibres. He introduced the 

concept of 'Fracture Arrest.' (Ref. No.fZ). Krenohel studied the 

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

research in the mechanics of glass fibre reinforced cement. (Ref. No.11). 
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The Materials Technology Division of 'The Concrete Society' 

produced a technical report in July 1973 giving, a detailed description 

of the types and properties of f ibres , binder matrices for fibre 

rein forced-cement systems, production technologies, and real behaviour 

of composite systems for each type of f ibres . They state their 

objectives in the foreword of their report, 

"1 . To promote the useful development ar.d exploitation of 

fibre-reinforced cement-based materials; . . . . » 

4. To consider and encourage useful research into new 

fibre-reinforced cement-based systems in terms of 

their physical and mechanical properties and their 

possible applications to the building and construct­

ion industry; 11 (Kef. No.13). 

As can be seen, fibre-reinforced ce.nent-based composites have 

been through a period of intense development for a re lat ively short 

time and are expected to go much further in the near future. The 

application work do;ie to date with fibre reinforced cement/concrete 

has helped to identify several factors concerned with i t s preparation 

and properties that need to be considered and improved upon i f the 

f u l l potential of material i s to be realized. 

1o Users have expressed concern over the longer than nomal mix 

preparation times required for fibre reinforced cement/concrete. 

This wi l l be overcome as special equipment for handling and mixing 

fibres becomes avai". .ble; 
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2. More formation i s needed about fibre bans or clumps during 

mixing, especially where high fibre content and/or high aspect ratio 

fibres are used. Again the use of special mixing equipment wil l 

overcome this problem; 

3 . The properties of fibre reinforced cement/concrete in the 

f ie ld have often been inferior to those obtained in the laboratory. 

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

the water content of the mi:: to satisfy the workability requirements 

of the workmen in the f ie ld; 

4 . Improvements in the bond between fibre and matrix would lead, 

i t i s fe l t , to an improvement in the beneficial effect that the 

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

CORE MATERIALS 

2 .1 . Introduction 

In this research, in order to keep the parameters as few as 

possible, the core has been made from expanded beads with oement 

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, i i ) Chopped steel 

fibres, i i i ) Expanded steel wire mesh. 

2.2 The Polystyrene Beads 

The commercially available expanded polystyrene beads, called 

simply beads from now on, usually come in varying diameters, *,;hich 

i s a favourable factor in obtaining a lightweight cement. Ths 
* 

greater the range cf bead sizes available., the more the volume 

of the pour i s occupied with beads. 

The varying diameters of the beads occur as a result of the 

process of obtaining expanded polystyrene, an indirect derivative 

of crude oi l to which has been added an expanding agent so that 

i t can be made into a foam. In summary, the process is as 

follows : 

The liquid styrene monomer is heated in water. As styrene 

will not mix with water, the suspension i s stirred during the 

heating process and the styrene forms into small globules in the 

water, thus eventually becoming 'beads'. The effect of the heat 



10 

and added catalysts cause the styrene in each globule to 

polymerise. During this process the expanding agent pentane is 

pumped into the kettle under pressure. Pentane, which i s volatile, 

will not mix with water, but dissolves into the styrene. The 

latter subsequently becomes 'polystyrene.' At this stage the 

beads are formed with pentane locked inside them. 

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

water i s drained off, the beads centrifuged, and flash-dried, and 

the result is expandable polystyrene beads. When tne beads are 

heated in steam, the polystyrene softens, the pentene tries to 

escape and in so doing, the beads expand forming thousands of tiny 

cells within each bead. I t i s these cells that hold dead air 

making expanded polystyrene a good thermal insulator. In this 

process original beads increase in size by approximately three 

times. (Kef. No.6 ) . 

The beads used in this research are supplied by Vencil Resi l 

Limited. The diameters vary from $wm. to 7mm. at -gmm. intervals. 

The cement used i s an ordinary rapid hardening Portland cement. 

2 . 3 . Pouring of Test Samples. 

Expanded polystyrene beads provide a form of aggregate of 

discrete closed ce l l particles which should be distributed 

homogeneously within the cement binder. The ratio of expanded 

beads to cement ultimately determines density, which in turn, 

determines the extent of thermal conductivity. In this research 

thermal 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 conductivity. (For other methods see Section 4*3). 

Since the beads have a density of the order of one hundredth of 

that of cement paste, to achieve a homogeneous mix by ordinary 

pouring methods is practically impossible. Besides, the 

particles are not easily wetted by water and indeed, are substant­

ial ly impervious to moisture. The cement i tself does not bond 

with beads, but when cement i s in the form of wet paste a small 

adhesion between the beads and the paste is possible. In other 

words wet cement acts like a surface covering agent which helps 

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

The purpose of the beads i s to ensure controlled quantity 

of voids in the tost beam, rather than acting like an aggregate 

due to the very poor adhesive characteristic of dry cement paste 

to polystyrene. Since i t is the desirable property of the sa.ndv.dch 

core to be of low density, the maximum volume of the pour has to 

be f i l l ed with beads rather than cement paste. To achieve this 

condition the molds are f i r s t f i l l ed with beads to find the 

maximum possible amount of beads which can be required. At this 

stage the beads are affected, due to very low density, by minute 

amounts of force fields around, such as static electricity on the 

clothes of the experimenter or small movements of air around the 

molds. In case of vibrating the molds at this stags most of the 

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

of the beads and to put them in a workable form one takes advantage 

http://sa.ndv.dch
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of the weak adhesive property of the wet cement paste. The 

beads in the molds are transferred into a mixing bowl and 

mixed with water and cement keeping the water/cement ratio the 

same as that required for the y/hole of the mix to keep the 

sample within controlled parameters. A reasonable surface 

covering is achieved i f i t i s not possible to observe the 

original bright white colour of the beadso The amount of cement 

needed for surface covering i s approximately 20?5 - 30?o of the 

total amount of cement needed for the whole of the beam and can 

be found by trifil and error. 

The beads are transferred to the molds and by tamping can 

be fitted homogeneously into the mold. Fi l l ing the voids between 

the beads can be done properly only by experience. The most 

important factor is the water/cement ratio of the paste to be 

poured onto the beads. I f the water/cement ratio i s high the 

strength of the mix is low, from ordinary cement characteristics; 

but i t is easier and more possible to get a mere rigid beam due 

to easy penetration of the cement paste in a l l possible voids 

between the beads and vice versa. An optimum water/cement ratio 

i s found by t r i a l and error (See Figure 2 . 2 ) . 

To ensure a reasonable flow,the paste has to be nearer to the 

liquid form than to the solid form, but for lower water/coinent 

ratios f i l l ing the voids layer by layer is advisable, 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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Once the paste i s ready to pour into a mold, a greased plank 

with dimensions equal to length and width of the mold has to he 

available to hold the beads in place. During vibration the large 

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 bottom and the beads rising to the top. 

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

then a plank of which the lower face is greased, is placed on top 

and held by clamps, The mold is vibrated for about half a 

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

frequently as possible because tnsy tend to loosen due ^JO 

vibration and due to top layer of cement penetrating dovmw&rds. 

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

mold. The above procedure i s repeated 2 - 3 times for a depth 

of the core of if.0mm. 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 i n i t i a l 

water content, a thin film of water forms on top of the mix after 

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

suction i s 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 and once i t is wet i t creates a curing medium 

for the beams. After the beams are hardened in the molds (2«V - 30 

hours in moist conditions) they are transferred to a temperature 

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 40mm. 

X-section x 500mm. long 

2.4. r . Testing Procedure 

To determine the engineering properties, the samples were 

tested under four point loading. The tests were performed as 

follows (see Figure 2«l) : 

Two steel frames of spans 240 nan. and 449 mm. are used. The 

smaller span frame is fixed and the larger span frame i s connected 

to the moving crosshead of the Hounsfield 'E vype* Tensometer. 

The crosshead speed i s adjusted to 1mm/sec. so that accurate dial 

readings can be taken. Dial strain gauges of 0.01mm. reading are 

placed symmetrically 10mm, away from the supports of the frames 

and at midspan, making a total of five gauges. The gauges are not 

placed directly under supports or point of application of loads to 

avod d the unnecessary measurement of the penetration of the frames 

into the beams. Then at load increments of 25 H.ewtons the dial 

gauge readings are taken. All beams were tested to failure. 

2.5... .- Theory 

The four point test i s a practical way of determining the 

elastic and shear modulus of the section, where deflections due to 

shear cannot be ignored. The deflections are measured at midspan 

where there i3 no shear and at points of applied loads, where there 

are deflections due to shear coupled v.dth bending. Of course, the 

self weight of beam is neglected. Only applied loads are considered. 
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In mathematical terms:-

A L • K + (1 ) 

^ MS = (2 ) 

5 V L = vm (3 ) 

Only bending moment deflections are obtained under 

conditions prevailing in the midspan section, the shear deflections 

here are zero. This gives equation ( 3 ) . 

Prom moment-area theorems Sb^ and&b can be calculated in 

terms of E . 

S b I ^ 2 ( 2 a L) 
1 E I ( 3 ~ 2) 

- F L 3 ( 2 a _ (a) 5 } 
2 E I (y . ( L ) ) 

Sv a Va 
~A"g"Sc 

A e = Total shear stress 
Shear stress at :jeuv,ral axis 

*= 2/3 Total X-sect ion area 

2.6 . • Density Measurements 

The density measurements are done on a dry basis. A l l 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. 

Volume 



1.42 

1.37 
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1.27 

0.45 0.55 
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FIGURE 2.2 - Approximation of Failure - Stress 
in Relationship to 7/ater-

Cement Content. 
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Shear 
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FI&URS 2,£ - Approximation of Shoar 
Modulus* 
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2.7« - Discussions 

The density versus water-cement ratio graph (see Pig. 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 voids 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 techniquie used in this research, 

the water content determines the density of the samples. After a 

certain amount of water-cement ratio, which i s around 0.5, gives 

the maximum possible density of the samples. 

Pig. 2. 2 shows the variation of the strength versus water-cement 

ratio. Since density, and therefore 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 i s shown on Pig.2 .2 

after passing the water-cement content of 0.5. 

The calculated Youngs' modulus and shear modulus are 

approximated as a straight line as shown on Figures 2.4,2.5* 

because i t 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 ? 
FIBRE REINFORCEMENT IN CEMENT 

1 I n t r eduction 

The poor t ens i l e strength charac te r i s t i c of cement requires 

some sort o f t e n s i l e reinforcement f o r parts o f the section tha t 

are i n d i r ec t and/or bending tension. The membrane-like thiokoess 

o f the faoes which are assumed to carry a l l the f l e x u r a l stresses 

i n tension and i n compression,forced the worker t o use an uncon­

ventional type o f reinforcement, t h i n enough to he bur ied i n the 

thickness of the faces proper ly . Two main types of reinforcement 

were found sui table f o r sandwioh sections w i t h t h i n faces - f i b r e s 

and rsesh. The sandwioh beams arid panels tha t sre tested, i n t h i s 

research pro jec t are re inforced w i t h two types of f i b r e s ; a l k a l i 

res iu tant glass and s teel f i b r e s , and one type of expanded s tee l vrire 

mesh supplied by Expamet I n d u s t r i a l Products Limited o f Har t l epoo l . 

To understand the behaviour of f i b r e s , tension tests have been 

car r ied out wi th only steel f i b r e s wi th increasing f i b r e content f o r 

a given volume o f cement and water, and f o r a f i x e d - amount of cement 

and f i b r e but vary ing water content. 

There aro three reasons f o r ensuring tbvfc the f i b r e s are 

completely embedded i n the oement ma t r ix ; 

( i ) f i r e resistance, 

( i i ) the avoidance o f chemical de te r io ra t ion and weathering, 

( i i i ) the achievement of a s a t i s f ac to ry bond between f i b r e 

and mat r ix . 

The l a s t i s seen as the most important f a c t o r f o r the laboratory 

speoiiaens used i n t h i s i n v e s t i g a t i o n . The p u l l i n g o f f i b r e s from 

the matr ix rather than f a i l u r e of f i b r e s has been observed i n a l l 
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o f the t e n s i l e t es t specimens. 

Independent tes ts are carr ied wi th glass f i b r e and wire mesh 

reinforcement t o determine the Youngs'Modulus values on tensorceter. 

These values are checked under t h i r d poin t loading i n Section 4 . 

3»2 Theoretioal Considerations of Strength f o r Fibre Reinforcement 

From the inves t iga t ions of other workers the e f fec t iveness of 

f i b r e reinforcement depends on the f o l l o w i n g f a c t o r s : (see Ref.No./5") 

( i ) Modular r a t i o ; Modulus of e l a s t i o i t y o f fibre/modulus 

of e l a s t i c i t y o f the mat r ix , 

( i i ) Fibre aspect r a t i o ; l ength o f f ibre /d iameter o f f i b r e , 

( i i i ) Fibre o r i en t a t i o n wi th respect to d i r e c t i o n of s t ress , 

( i v ) Fibre oontent. 

Theore t i ca l ly speaking, incrbe.se i n the above fac to r s should 

increase the strength o f the cement composite f o r a f i x e d water/ 

cement r a t i o * 

Since the f i r s t two o f these f a c t o r s are r e l a t i v e l y s e l f -

explanatory, more emphasis has been given to the l a s t t?jo. Fibre 

o r ien ta t ion i s one o f the most uncertain f a c t o r s since the processes 

o f mixing and placing i n the mould can arrange the f i b r e s t o l i e at 

any angle t o three p r i n c i p l e d i r e c t i o n axes-within the ma t r i x . 

This i s represented i n Figure3„1 • Therefore, i n the ca l cu l a t i on of 

the resistance of the mater ia l to any one d i r e c t i o n a l stress or load 

a correct ion f ao to r tha t takes account o f the f i b r e o r i o n t a t i o n 

should be introduced. The uncer ta in ty of t h i s correc t ion f a c t o r 

has to be remembered i n a l l design considerat ion. This has t o be 

http://incrbe.se
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r e f l e c t e d by the safely f a c t o r or In the load f a c t o r f o r design 

condit ions 

* x 

Figure 3»1 - Orientation o f a Random Fibr? 

A correct ion facto.? oan be obtained assuming; 1) the stress 

i s p a r a l l e l to one axis ( x ) , 2) the r a t i o of the average o f the 

projected lengths i n one d i rec t ion to the t o t a l l ength i s a t rue 

measure of t he ef fec t iveness o f the f i b r e on t ha t ax i s , 3) e f f e c t i v e 

p r o j a c t i o n i n the X d i r e c t i on of N wires i s given by Equation 1. 

Z.C08.6 003.0 d© 00 

N f l / 2 x tT/ 2 

s 0.41 Ii (Equation 
1) 

Then i n a given volume the average t h e o r & t i o a l spacing So9 

distance between geometric centre of e f f e c t i v e wires , o f N wiros i s 

So = = 3 Rl) 
V(H) 

thus Sc.e = 3 A l _ 
V ( 0 . 

_ _ ) 
41N) 

(2) 

(3) 

Equation three arises because the wires i n any d i r e c t i o n are 

41 per cent e f f e c t i v e , ScQ being the e f f e c t i v e f i b r e spacing. 
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The number of centroids per u n i t area o f any cross-section .'.a 

given by 

n = ( J L . ) 2 (4 ) 
(See) 

Assuming the length of the wires to be greater than See , as 

w i l l usua l ly be the case, the wires w i l l extend i n t o oross-sectiens 

previously a l located t o other wirese This w i l l create an over­

lapping, thus increasing the number of wires through any cross-

section by the f a c t o r L/Sce* The number of wires n a t a oross-
w 

sect ion i s then -

n w = U - ) 2 - £ - = JL» (5) 
(Sce) Sce Sce^ 

or , subs t i tu t ing equation (3) i n (5) -

n w = (6 ) 
V 

The average spacing o f the wires i s then -

s = J L = r ( v ) (?) 
Vn w V (0.41NL) 

The average spacing of the e f f e c t i v e wires can be expressed i& 

terms o f wire diameter ' d ' and t o t a l peroentage o f s tee l ' p 1 . The 

t o t a l volume of s tee l 'Vs ' i n a volume of re inforoed concrote 'V* i s 

Vfi = pV_ (8) 
100 

The volume of s tee l i n each wire i s and the number of wires 

i s then -

N = it-Ys (9) 
IT a 2 ! . 

and, from equation (8) 
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Subst i tu t ing (10) i n (7) y i e ld s -

S = 13.8d f " ( l ) (11) 

4 (p) 
(Reference No . l i f ) 

Since i t i s more accurate and easier to measure percentages i n 

terms o f weight the above equation :1s modif ied to be expressed i n 

terms o f weight -

Taking p = V Yf x 100 (12a) 

Vo + Vf 

Wf 
= x 100 (12b) 

Wo + Wf 

100 
Wc £ f + 1 
Wf fia 

(12O) 

subs t i tu t ing Equation (l2o) i n (11 ) y i e ld s -

where 0 = densi ty of f i b r e 

densi ty of binder 

values of 0 f o r cer ta in f i b r e s are g iven i n Figure 3*-2» 



Figure 3.2 

Density Ratios f o r Commonly [feed Reinforcing 

Fibres to Binders. * 

MATERIAL 0 
1* Crys ta l l ine S i l i ca t e s 

Chrysoti le White Asbestos 

Croc ido l i t e Blu9 Asbestos 

•i .020 
3.480 

2* Glasses 
*E» Glass 
BRS Glass (Cem-f i l ) 

i .025 
1.087 

3« Ceramics 
Alumino-s i l ioa te 

(Xaowool, Fibre f r a x ) 
Carbon - Type 1 (Modmor) 
Carbon - Type 2 (Modmor) 

1.104 

0.796 
0.696 

4. Metals 

High- tensi le Steel 

High-carbon, low-carbon 

Stainless Steel 3.14 

5. Natural Vegetables 
Cotton 
S i sa l 
Hemp 

0.54 
0.592 

0.592 

6. Polymers 
Polypropylene 

Filament or f i b r i H a t e d 

Nylon (Type 242) 

Polyester (Type C Terylene) 

O.368 

0.455 

0.55 

* Ordinary Portland Cement 
High Alumina Comsat 
For p l a s t e r increase above values by a f a c t o r of 1.04* 
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As expected, decreasing the f i b r e spacing increases the 

reinforcement area and therefore should increase the t e n s i l e s t rength 

of the sec t ion . This increase has been studied by other workers (see 

Reference No.12) and explained by the appl ica t ion of f r a c t u r e 

mechanics to concrete s t rength . The fundamental concept behind those 

studies i s a recognit ion that the low tens i l e strength of concrete i s 

duo to the propagation of cracks o r i g ina t i ng as i n t e r n a l f laws* 

In t roduc t ion of f i b r e s i n t o the matr ix prevents or retards the 

i n i t i a t i o n of ten£,ion 3racks and t h i s can be accomplished i f the 

i n t e r n a l f l aws are l o c a l l y restrained and prevented from extending 

i n t o adjacent mate r ia l . 

James P. Homouldi and Gordon B. Batson explained the simplest 

example of crack i n i t i a t i o n by the stretched f l a t p la te shown i n 

Figure 3«3« I t i s assumed, tha t heavy grips un i fo rmly tz*ansfer loan, 

t o the p la te and t h a t the plate i s cut through by a s lo t of l eng l i i 2a. 

I t i s f u r t h e r assumed that the f r a o t u r i n g process i s ' of s u f f i c i e n t 

r a p i d i t y that the i n e r t i a of the g r i p s prevents t h e i r movement. Thus, 

no energy i s a&led to the system during the f r a c t u r i n g process. 

The extension of the crack t i p s i s accompanied by irrecoverable 

energy losses due xo the extension of the p l a s t i c zone i n the v i c i n i t y 

o f the crack t i p s . The rate of loss of irrecoverable work w i t h 

respect t o area of oraok extension i s jSjff where W i s the work to 

open or extond the orack and A i s the crack area. The rate o f 

release of e l a s t io energy i s denoted by sjiabol G and, f o r the 

p a r t i c u l a r system -
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G = 7 T £ j i (14) 
E 

where d i s the o v e r a l l p la te stress and £ i s the modulus o f 

e l a s t i c i t y . 

The c r i t e r i o n f o r rap id f racture propagation is that the rate 

o f release of e las t ic energy i s equal to or greater than the con­

sumption of energy o f the extending crack, or 

G ^ S V S A (15) 

The mater ia l cha rac te r i s t i c &W/&A may be in fe r r ed by a simple 

t es t because when a notched plate i s loaded and observed f o r the 

crank length and stress at f a i l u r e , a numerical value may be 

obtained f o r &W/SA by subs t i tu t ing the values i n equation (14) 

and comparing to equation (15). 

I t has been proved that the parameter combining stress near the 

crack t i p and s t r u c t u r a l geometry i s the stress i n t ^ s i t y f a c t o r X, 

which i s re la ted t o G by -

K 2 = E _ (16) 

For the p a r t i c u l a r geometry of Figure 3«3 tbe stress i n t e n s i t y 

f a c t o r due t o remote stress T i s -

K t f = <*/a (17) 

The crack ar res t mechanism may now be i l l u s t r a t e d wi th reference 

t o Figure 3»3. A p a i r of s t i f f e n e r s ar& shown r ive t ed to the p l a t e 

and are arranged a t t h e i r ext remit ies remote from the crack i n a 

manner such that they are subjected to the same s t ra in as the p la te* 
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Thus, i n the absence o f a oraok, there w i l l be no tendency f o r 

r e l a t i ve motion between the p la te and s t i f f e n e r s i n the v i c i n i t y 

o f the crack. However, the pla te tends to s t re tch more than the 

s t i f f e n e r s , due t o the stress s i n g u l a r i t y at the crack t i p s . This 

tendency i s res i s ted by the r i v e t s which exert "pinching" forces 

i n the pla te of magnitude F. These forces produce a stress 

i n t e n s i t y f a c t o r which has an opposity sense to the i n t e n s i t y 

f a c t o r due t o the plate stress described above. Thus, the t o t a l 

stress i n t e n s i t y f a c t o r i s given by -

Thus, f o r a given c r i t i c a l value o f K f o r the ma te r i a l , 

f r ac tu re occurs at a higher plate s t ress , due to the reduotion by 

the amount K^,, than would be possible i n the absence o f the 

s t i f f e n e r . (Of course, the r i v e t must be o f s u f f i c i e n t strength, 

to mobilize the pinching farce or f a i l u r e w i l l occur by r i v e t 

shear or bear ing . ) 

The p a r a l l e l t o the above described arres t mechanism in the 

case of re inforced concrete i s described wi th the a i d o f Figure 3»5« 

Figure 3.5(a) represents amass o f concrete i n t ens ion . The 

reinforcement consists of a rectangular array of rods a t a spacing K 

and located p a r a l l e l t o the d i r e c t i o n of the tension stress. At 

some i n t e r i o r loca t ion as shown in section i n Figure 3.5(b), an 

i n t e r n a l f l a w exis ts i n the form of a f l a t disc-shaped crack. 

Assume that the craok i s cen t r a l ly located i n a nest of fou r 

adjaoent r e i n f o r c i n g x"ods, i n a sootion AA, as shown i n Figure 3«6 

A s i m i l a r i t y t o the s t i f f ened plate can be seen. I n the absence 

*T (18) 
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of the crock, the s teel rods end the concrete are stretched equal ly , 

and accordingly, there i s no tendenoy f o r one t o move r e l a t i ve to 

the other* I n the v i c i n i t y of the crack edges however, the 

long i tud ina l extension due to the stress s i n g u l a r i t y i s resis ted by 

the s t i f f e r rods* The d i s t r i b u t i o n o f the bond stress oan be 

shown as i n Figure 3*6* I n the plane of the crack the bond stress 

i s zero by symmetry and increased to a maximum, and then decreases 

w i t h increasing distance from the crack edge. As the l o o a l extension 

tendenoy diminishes the d is t r ibuted bond stress act? as a series of 

f i n i t e pinching forces each act ing i n much the same manner as the 

single r i v e t pinching force described above. The ca l cu l a t i on o f 

the stress i n t e n s i t y fac to r due to the forces along the f o u r 

adjacent bars should be s imi l a r i n every d e t a i l to t h a t of a s ing le 

r i v e I force i n the plane of a p l a t e , and the t o t a l i n t e n s i t y f a c t o r 

i s g iven by -

V - V - v («) 
Th-j primes denote that the case re fe r s t o a three-dimensional 

s o l i d . 

The spacing and size of the r e i n f o r c i n g rods f o r e f f e c t i v e 

crack containment must be suoh tha t the magnitude of K-,' i s 

s u f f i c i e n t l y large t o oause en e f f e c t i v e reduction i n K^,'. An 

addi t iona l c r i t e r i o n f o r arrest is o f course., t ha t the d i s t r i b u t e d 

foroes are mobil ized and do not exceed the bond strength between 

the binder and f i b r e s . (Reference No.14) 

I t i s expected tha t the t e n s i l e s t reng th w i l l increase as the 
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reinforcement spaoing i s decreased below a ce r t a in c r i t i c a l value* 

This behaviour i s v e r i f i e d i n Reference No./^/by increasing f i b r e 

quan t i ty . But decreasing diameter t o keep percentage constant and 

the o r i t i c a l f i b r e spacing i s fbund t o be 7mm t o 12mm f o r s tee l 

Unfor tunate ly some of the workers, inc luding the present author 

d i d not achieve such good resul ts as were expeoted. The length o f 

f i b r e s used was not s d f f i o i e n t t o aohieve the bond requirod so t h a t 

the f i b r e s were never h ighly enough stressed to stop the mat r ix f rom 

cracking bu t ins tead were p u l l e d out of the matr ix as the orack 

enlarged. 

Another important f a c t o r that determines the s t rength of t i e 

matr ix i s the w o r k a b i l i t y . Even though increasing the f i b r e content 

beyond the c r i t i c a l spaoing increases the strength of the s e c t i c , 

but a d d i t i o n of f i b r e s also has draBtic e f f e c t s on the w o r k a b i l i t y 

of the sec t ion . Edgingtan et.-al.(Reference No . l6) have formulated 

an emprioal re la t ionsh ip f o r c r i t i o a l f i b r e content by weight. 

f i b r e s. 

P. W o r i t . 75 f t SGf K - d 
SGo L 

(20) 

d f i b r e diameter 

L f i b r e length 

SG 

SG 

0 calculated i n Figure 3*2* 

K Wm 
Wm + Wa 
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Wm = Weight of mortar f r a c t i o n 
( p a r t i o l e size < 5mn) 

Wa = Weight o f aggregate f r a o t i o n 
(par t ic l e s i ze 5mm) 

Calculated Pw = k»Uk per cent i n t h i s re search K = 1 

A possible way to design the f i b r e reinforcement can be as 

fo l l ows : 

Design = E f i b r e £ crack ma t r i x (21) 

S.F. 

S.F. = Safety f a c t o r 

Where e f f e c t i v e area f o r design stress depends upon theore t i ca l 

f i b r e (spacing. The reason that s t r a i n of matrix is oho sen cs c r i t e r i o n 

i s because the oement or concrete mat r ix has a lower f a i l u r e s t r a i n 

than the f i b r e , i . e . 0.02 per cent as opposed to 2 per cent f o r 

glass, 3 - 4 per cent f o r s tee l . Thus i t i s the matrix which cracks 

f i r s t , leaving the f i b r e s to span the crack and ca r ry the load 

assuming enough bond i s achieved between the f i b r e s and me:fcrix. For 

e f f e c t i v e reinforcement the f i b r e s alone must be able t o c a r r y the 

load tp.ken by the oemcnt mix jus t before i t cracked. The volume 

f r a c t i o n of f i b r e s necessary f o r t h i s i s , o f course, l i m i t e d by the 

f a b r i c a t i o n and compaction techniques. 

3.3 Laboratory Procedures 

The aim o f these tes ts i s to see the v a r i a t i o n o f the s t ruc tu ra l 

properties of the matr ix by varying the f i b r e content and water cement 

r a t i o . To see these var ia t ions . 'only s tee l f i b r e s of aspeot r a t i o of 17 

were used i n d i f f e r e n t percentages by weight, i n varying water-cement 

r a t i o mixes. (Note that rapid hardening cement was used throughout.) 
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Samples of 50 x 10 mm. cross-section 500 mm. long were poured i n 

mold-greased, wooden based, s tee l walled molds and v ibra ted on an 

'A l l am ' v i b r a t i n g t ab l e , typo 230/1/80 between 30 and 45 seconds. 

The samples are kept i n a moist environment f o r 24 - 30 hours and then 

t ransfer red to a temperature con t ro l l ed curing tank t o be l e f t there 

f o r another s ix days. Then they were tested i n d i r e c t tension w i t h 

an "E-type Hounsfield" Tensoaieter adjusted f o r InNc/aec crosshead 

movement. Since r e l a t i v e strengths and s trains of each sample were 

important, a l l the de f l ec t ions and strengths of the samples were 

recorded on the tensometer standard equipment. 

I t has been observed t ha t even though the f i r s t crack appears 

r e l a t i v e l y soon, the strength o f the sample i s not l o s t , but decreases 

w i t h f i l l re p u l l - o u t . I n oi;her words, the stress- s t r a i n curve looks 

l i k e a parabola. 

To by-pass complicated stress concentration calculat ions f o r 

sections w i t h holes , add i t iona l reinforcement i s required around the 

tensometer clamp holes of the samples to make sure they f a i l somewhere 

i n between the holes rather than around the holes, which i s more probable 

due t o reduced cross-section w i t h existence of holes.- The f a i l u r e of the 

f u l l cross-section was achieved i n approximately 89 per cent o f the samples. 

There were three samples tested f o r each k ind of mix shown i n Figures 3*9-3»11 

and only average values are given i n the Figure. 3»S« 

Ono of the biggest problems observed was the homogeneous d i s t r i b ­

u t ion of the reinforcement w i t h i n the matr ix . The f i b r e s have a great 
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tendency t o form 'b i rd-nes t l i k e ' bundles i n low and high water-cement 

r a t i o s . I f the f i b r e s are to be mixed i n t o the cement without any 

water, bundles s t a r t forming ignor ing the presenco o f the cement. 

The best water/cement r a t i o seemed to range between 0.35 - 0.45 t o 

get the best homogeneous mix f o r a given quanti ty of f i b r e s . At 

higher water contents due t o the high density o f the f i b r e s , these 

tend t o s e t t l e a t the bottom o f the mix and form bundles, leaving the 

rest of the cross-section unreinforced. I n t h i s work i t was possible 

to achieve a reasonable d i s t r i b u t i o n by manual means due t o the small 

size of the samples. This was possible f o r a l l water/cement r a t i o s . 



Figure 3,8 

Average" Values Of Modulus Of Elas t ic i ty For 
Different Mixes 

w/c f / o 
per oent 
by weight 

£ 

N/i.ffl 2 

Craok 
N/nm2 

3 2515 1.45 

0.4 
4 3019 1.76 

0.4 
5 4402 2.20 

6 5603 2.42 

3 2413 1.02 

CM-5 
4 2315 1.42 

CM-5 
5 3*09 1.55 

6 5031 1.72 

3 1936 0.96 

0.5 
4 2512 1.20 

0.5 
5 3193 1.38 

6 4300 1.69 

3 1850 0.73 

0.55 
4 2413 1.07 

0.55 
5 3100 1.20 

6 4096 | 1.43 
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U. Diaouasion 

The tests were desigaed to achieve the suggested c r i t i o a l 

f i b r e spacing by other workers, and observe the Improvement on 

the strength of the section with increasing f i b r e content. The 

results are presented i n Figure 3*8 and plot ted in Figures 3*9 

- 3.12 and 3o18. 

The improvement i n strength can be approximated as a straight 

l i n e . The relat ive percentage increases i n strength are given i n 

Figures 3»15 - 17» As reinforcement increases, the direct tensile 

strengths of the sections were increased with increasing f i b r e 

o on tent even though t h i s increase i n to ta l was not a great amount; 

but re la t ive increases wev.3 considerable. (Figures 3*15, 3*lO 

As mentioned i n section 3*2, the expected high increases i n 

strength were not recorded. This might be due to decreasing the 

workability of the matiix by adding vast amounts of f ibres , but 

contrary the Edging ton et.al^relationship, the strength increases 

were continued beyond c r i t i o a l percentage. This indioates 

o r i t i c a l percentage of f ibres was greater than calculated in 

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

aggregate i n the samples, whioh should have given the highest 

possible c r i t i c a l percentage for the aspect r a t i o of f ibres 

calculated. But Figure 3.17 shows the smoothening of the 

approximation curve of percentage increase of strength that 

workabil i ty has an effect on strength at high percentage of 

f ibres in the matrix. 
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The values of modulus of e l a s t i c i ty for d i f fe ren t water/cart a i t 

rat io and different f ibre content are plotted i n Figure 3.13. An 

approximately linear inorease up to a f i b r e spacing of 3.31mm i s i n 

accordance wi th strength graphs. A further high Jump a f t e r f i b r e 

spacing of 3.31mm may suggest that a further crack arrest occurs 

below the f i b r e spacing of 3.31mm. This means that straias are 

smaller for higher stresses. In other words, the f ibres hold the 

binder together better, or do not allow the cracks to extend as 

much as they do i n higher f ib re spaoing. Since i t has keen observed 

qual i ta t ively , that fa i lure i s mainly a bond f a i l u re of f i b r e to 

binder, the crack-arrest occurs fo r a short time while a slowly 

increasing load i s applied, reducing strains; but eventually f ib res 

are pulled out, destroying the crack-stop mechanism. Due to high 

concentration of f ibres bond streer. i s lower around f.lores at 

higher loads compared to lower f i b r e content. Lower strains are 

thought to be due to f ibres stopping i.ho minute cracks extending. 

The effects of high water content on the matrix can bo seen in 

Figures 3*13 a&d 3*14* The sudden drop of modulus of e l a s t i c i ty and 

of strength between 0.4 and 0»5 suggests that water content o f the 

mix should be very closely controlled. Around 0.4 r a t i o , because the 

minimum workability in pouring the cement-fibre mix starts above a 

water/content ra t io of O.35. 
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Per oent Relative Increases i n Strength 
gLth Varying Fibre-cement Radios fo r 

Different W/C Contents. 

Strength 
W/C f / 5 per cent increase 

per cent relat ive to 3 Per 
fry weiriht cent 

0.4 3 0 

0.4 4 23 

0.4 5 54 

0.4 6 69 

0.45 3 0 

0.45 4 39 

0.45 5 52 

0.45 6 69 

0.50 3 0 

0.50 4 25 

0.50 5 40 

0.50 6 76 

0.55 3 0 

0.55 4 47 

0.55 5 64 

0.55 6 96 



Figure 3.16 

Average Increases 

In Strength 

Theoretical 
f ibre spaoing 
. .. 1 1 ib mm. 

Average 
per cent 
increase 

4.25 0 

3.69 34 

3-31 5; 

3.02 76 

Base figure f ib re spacing of 4.25 
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CHAPTER k 

SANDWICH SECTIONS 

Introduction 

A structural sandwioh beam oan be described as a composite 

construction of alternate layers of dissimilar elements, where 

two outer layers called faces are of high density material with 

high s t i f fness and membrane strength, and the central layer 

between two faces, the core, i s of low density, strength and 

s t i f fness . 

The function of the core from a structural point of view i s 

twofold* F i r s t l y , the core must keep the faoes apart and stabil ise 

them. I t must possess a certain r i g i d i t y against deformation 

perpendicular to the plane of the faces. Secondly, the oore must 
a 

enable the faoes to act as the outer layers of a beam, and to th is 

end i t must possess a certain shearing strength so as to transmit 

stresses from one face to the other. 

The advantages of cement based sandwich beams and/or panels 

are considerable and can be l i s t e d as follows : 

1. Good strength to weight r a t i o , 

2. Improved thermal insulation, 

3. Good surface f i n i s h due to aggregates being 

omitted from outer faoes, 

4. Less dead-weight results economio sections f o r 

oolumns and foundations, 

5. Also the advantage of tho f i r e resistance of the 

own ant-based products. 
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Numerous combinations of d i f fe ren t materials can give the 

above l i s t e d advantages, but the ideal sandwich materials are 

those with low density, relat ively high compressive strength, 

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

The lightweight composite of expanded polystyrene beads 

with oement i s sandwiched between two layers of f i b r e reinforced 

cement faces to obtain a reasonably strong structural cross-section. 

The low average strength and dais i ty of the sandwiohed section, 

the core, and re la t ive ly high strength of the outside layers, the 

face"., makes possible the construction of sandwich sections. In 

analysis of the beams, ordinary bending theory and simple sandv/ich 

theory assumptions are used* 

The tests i n this part of the research are carried out to 

oompave the structural property values of th.3 face and core 

materials that have been tested previously and to aa qual i ta t ively 

and quantitavely the behaviour of these two materials sandwiched 

together. The other reason is to pour these materials on a bigger 

scale t o study the problems encountered during production. 

4*2 Theoretical Considerations 

The assumptions made to simplify the analysis of the sandwich 

beams oan be l i s ted as follows : 

1 . The whole cross-seotion, the oore and the faces, 

are assumed to be elastio and isotropic, 

2. The oore i s homogeneous, 
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3* The normal st iffness of the oore para l le l to the 

faces w i l l be neglected; in other words, -the 

oore i s assumed to carry no longitudinal normal 

stresses, , 

4* The in-plane no una 1 stresses in faces vary l inea r ly 

aoross the face thickness; as i n the Maxwellian 

olassical beam theory. This requires the in-plane 

shear stressssto vary l inear ly also, start ing from 

zero at the outer face. 

The essential difference between a sandwich beam and a beam 

obeying the assumptions o f the engineering theory o f bending i s 

that the shear strains in the oore of a sandwich beam may not be 

neglected, since the core has a low transverse modulus of 

r i g i d i t y , Gc» Prom the assumption tf^ 0, i t follows that the 

shear stress T i n the core is independent of the depth of the c 
cross-section. 
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The p a r t i a l de f l ec t ions W, and W due to bending and shear 
b s 

respec t ive ly , form the t o t a l d e f l e o t i o n W andean be expressed i n 

mathematical terms as : 

W = W B + W A ( 1 ) 

whore p a r t i a l beading d e f l e c t i o n can be calculated from the usual 

engineering theory of bending. 

The "theoretical centre d e f l e c t i o n o f the beam under three-point 

bending from equation ( 1 ) can be w r i t t e n as : 

n" = PL 3 + PL_ (1a) 
kBM 4Sd 

Shear s t i f f n e s s can be expressed -

S = (o * t ) 2

 9 

c o 

where L i s the span, P i s the load, and d i s the width o f the be*uu 

The add i t iona l stresses corresponding to the p a r t i a l d e f l e c t i o n 

can be found . The average 3hear s t r a i n Y o f the sandwich element 

i s re la ted to the core shear s t r a i n 'VQ by ~ 

(o + f ) y = c V 0 

thus T o - G o - y o = o _ j _ f fty = c _ i _ f w , ( 2 ) 

o c o c a 

a dash denoting d i f f e r e n t i a t i o n wi th respect to x . 

I n general, the shear force w i l l be a f u n c t i o n of x and 

therefore there w i l l be a curvature W " . This loca l curvature does 
s 

not cont r ibute to the curvature if' of the sandwich element a3 a 
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whole; i t oouses bending moments, but no resu l tan t normal forces 

In the faoes . The stresses corresponding to the curvature W " can 
8 

be computed from the engineering theory appl ied to the separate 

faces* 

Taking X-axis between the faoes, the normal stress in the 

f i b r e Z o f the faoes then i s -

v -E ZW 11 - E Z W 11 

«Z f b f f s 

Z f = Z - £ ( c + f ) f o r upper faces 

Z f = Z + £(o + f ) f o r lower faces 

In tegra t ing over the thiokness f :>f the faces f o r un i t vridth of 

beam we obtain the normal force in faces -

N f = t £ E^f (c + f ) W t » (3) 

I n eaoh face the bending moment i s -

M f = 1 / 1 2 E f f 3 ( W b » + 7 ^ » ) = B F1F« (4) 

B f being the bending s t i f f n e s s o f a f ace . The sign convention i a 

given i n Figure 4»1 • 

A f t e r s u b s t i t u t i n g equations (3) and ( O t o t a l bending 

moment 

M = BW. " + 2 B w " (5a) 

D I 

Equation ( l ) and ( 2 ) gives 

M K B(W'»- V ) + 2B fW (5h) 
iphere B = £ E f f ( o + f ) 2 B f = 1 / 1 2 B ^ f 3 (5c) 
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The bending s t i f f n e s s of the "beam computed aocording to the 

engineering theory l s 9 B Q = B + 2B f 

therefore M = BW « + 2BJT " 
O D f 8 

(5d) 

N f 

1 Tcdx 
I I * 1 

g • cbc > 

N f - * - V 

Figure Element o f lower face . 

"Ihis formula can be w r i t t e n from the physica l discussion of 

Figure 4.2. However f rom Figure 4.3 showing an elenvont of the 

lower lace, i t f o l l o w s tha t 

To = " V = " * E f f ( ° + f ^ V ^ 6 % ) 

Combining equations (6) and (2) we can have a simple r e l a t ionsh ip 

of p a r t i a l def lec t ions -

V = " * V c W b ' » (7) 
G 

0 

We can express tho s t ra in energy stored i n an element dx o f 

beam as fo l lows : 

du = 2* N f i ( o + f ) W b" + 2& M fW" + £ T ^ c 
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Where £(o + f ) v y i s the a x i a l s t r a i n of the faoes and W*r i s 

the t o t a l curvature o f the faces . Subst i tu t ion o f equations ( 2 ) , 

(3) and (4) y i e l d s -

du = £ BW b" 2 + B f W" 2 + £ SW a ' 2 (8) 

Applying the engineering theory of bending to the beam under 

consideration i t i s also found that -

T c = * E f f ( c + f ) Q 
B o + f c 

So can be computed by equating the shear s t r a i n energy o f an 

element dx, T cdx/2G to the work done by the shear f o r c e , whioi c 0 

i e 4 QVdx = Q2dx/2S by d e f i n i t i o n . (Reference No. 1 7 ) 

This leads t o : 

T o

2 o U = Q 2 U = £ Oft* (9a) 

o ^ 0 ^ 

T 2 c = Q 2 since T « (9b) 

n r s n

 0 + f 

c o 

SQ ^ (c + f ) 2 C 0 (9o) 

S = S (9d) o 

By in t roduc t ion of S i n to Equation (7) t h i s equation takos "the 

form -

W 1 = - B , , , 
s s V « « 
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Also from a physical discussion B o can be equated B f o r sandwich 

8eotions w i t h thin faces assuming : 

o + f > I 0 f (11a) 

B = £ E f f ( e + f ) 2 (11O) 

B > i E f f ( l 0 0 f 2 ) ( l i d ) 

B ) i E f 100 f 3 (11©) 

600B. $ B 

B 0 = B ( H f ) 

But i t should be kept i n mind that i n regions o f high ra te 

of ohange of shear t h e cont r ibut ion o f shear load t o t h e bending 

moment in the faces i s considerable, and the second term of 

equation (53.) cannot be negleoted. 

For regions of low shear value, equation (5a)oan be modif ied 

as -

M = m« (12) 
D 

4»3 Experiments end Prooedura 

Sandwich beams tested were 120 x 120mm. i n cross -sect ion and 

1500mm. long . The face thicknesses were 10mm. each. Two o f glass 

f i b r e reinforced and two of s tee l f i b r e re inforced cement samples 

were tes ted . The bond f a i l u r e of reinforcement w i t h the mat r ix 

under small bending tens i le stresses due to t h i r d point loading 
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forced the author o f t h i s researoh to look f o r a more e f f e c t i v e 

reinforcement f o r the faces. Wire mesh was found to be the most 

sui table reinforcement considering t h e f o l l o w i n g points : 

1* The length of the wire mesh; being continuous a l l 

along the length o f the face therefore providing 

enough bond l eng th to ensure a f l e x u r a l f a i l u r e of 

the beam rather than a reinforcement to oement bond 

f a i l u r e , 

2* The thickness of the mesh; t h i n enough to be 

embedded e f f e c t i v e l y into the I0inm. t h i c k faces, 

but t h i c k enough t o re inforce the section • 

3* Gr id of the mesh; t o f i n d a large enough g r i d of 

the mesh f o r an easy penetration of the cement 

paste dur ing pouring the faces a f t e r p lac ing the 

reinforcement, but a l so small enough g r i d t o 

achieve the ' c r i t i c a l f i b r e spacing 1 (see section 3) 

f o r the crack ar res t mechanism to work* 

The suitable reinforcement of 1250 x 2500nm. sheet was supplied 

by 'Expamet L imi ted 1 o f Har t lepool , wi th diamond mesh, order s e r i a l 

Ho. 1299. I t was r o l l e d from expanded s t ee l . The maximum opening 

of the mesh was 10iun. and thickness 2mm. Two mesh re inforced beams 

were poured and f a i l u r e stresses twice the f i b r e r e in fo rced samples 

was reached. I n both cases the f a i l u r e o f the beams was due t o 

snapping of the reinforcement. 

The mesh provided en e f f o c t i v e crack arrest reinforcement f rom 
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q u a l i t a t i v e observations. The tested samples d id not show any 

v i s i b l e oracks even a f t e r the reinforcement had snapped. A 

f u r t h e r increase i n load opened a crack at the snap pos i t i on , 

and a bond f a i l u r e occurred due t o long i tud ina l shear between 

the top face and the core ma te r i a l . The 

second beam reinforcement was cut 10am. wider on the sides 

140 x 1520mm. and the spare lengths bent 90° to the hor izonta l 

plane of the faces such tha t the bent lengths were embedded i n t o 

the core of the beam. A be t te r bond i s achieved between sund.-

wiched sect ions. 

I n the case of the f i b r e reinforced beams, there was no 

apparent bond f a i l u r e between the core and the faces. Some of the 

f i b r e s were placed between faces and the core mater ia l during 

const ruct ion of the samples. This might be the oause o f tha be t t e r 

bond o f the sections. 

A l l o f the sample faces were poured i n the same manner- (See 

Section 3» For the faces) . A d i f f e r e n t approach has been t r i e d to 

speed up the construct ion of the core. F i r s t the maximum amount 

of beads tha t can be f i t t e d i n t o the core space i s determined. 

Then these beads are t ransferred t o an e l e c t r i c a l l y operated 

concrete mixer and mixed with cement paste o f water cement r a t i o 

of O.35 - 0.37. A homogeneous mix o f density of 0.80 - O.83 can 

be achieved w i t h water-cement r a t i o s cf 0.4. Since water only 

helps the cement t o change i n t o paBte and the method of pouring the 

oore i s not s i g n i f i c a n t l y a f f eo ted by the phys ica l f l o w character­

i s t i c of the paste; a more r i g i d and stronger section o f low-water 
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content can be obtained. I t i s v i t a l to observe and con t ro l 

olosely the amount of cement to be added, beoause i t determines 

the homogeneous d i s t r i b u t i o n of the beads. With experience i t 

i s simple to achieve the desired state o f the mix. 

Once t h i s mix i s t ransferred i n t o the molds, tamping i s 

required to f i t the mixture i n to the core spcce i n the formwork. 

The l e f t over i s usua l ly less than one per cent by weight o f the 

t o t a l mix . Since f i l l i n g o f the voids between the beads i s 

observable by sight, i t can be assumed tha t a reasonably homogeneous 

d i s t r i b u t i o n of the beads e.nd f i l l i n g of the voids i s achieved. 

To oonstruct the top face of the sample i t i s necessary to 

wait f o r the core mater ia l to set so tha t ( i ) the beads do not 

move up i n t o the face during v i b r a t i o n , and ( i i ) t o achieve a 

uniform thickness of 1he face, because i n wat state the core i s 

s o f t and compressible l i k e an a i r cushion. The weak bond o f the 

top face t o the core can be re la ted to the above mentioned t ime-

delay o f pour of the sections. 

A l l the samples had a constant water-oement r a t i o o f 0.4. 

The s t ee l f i b r e re inforced samples had a f i b r e t o cement r a t i o o f 

s i x per cent by weight. The glass f i b r e re inforced f i b r e s had a 

f i b r e cement r a t i o of 0.33 per oent by weight. Rapid hardening 

cement was used f o r a l l the samples. The beams were t r ans fe r red 

t o the temperature cont ro l led cur ing tank a f t e r s e t t i ng f o r 

about 24 " 30 hours. 
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The t e s t i n g was done on a 150 Bradford Power Cylinder, 

Ser ia l No. 23379, under t h i r d point load. The midspan def lec t ions 

were measured by means o f two 0.01mm. p a r t i t i o n d i a l gauges placed 

symmetrically on two sides o f the loading c e l l , (see F i g u r e 4 . 0 . 

Spreader plates were placed by means o f p las te r o f pa r i s under the 

support poin ts of the samples to stop tMe supports penetrat ing i n t o 

the core. A spreader concrete cube, side of 150mm. i s placed under 

the load . A l l the samples ware tested to f a i l u r e . 

Figure 4.5 Modulus of E l a s t i c i t y 

of Face M a t e r i a l . 

W/C f / o 
By weight 

Cement: sand 
by weight 

E , 
N/mra' 2 

Steel Fibre 0.4 1$ 5603 

Glass Fibre 0,4 0,33% 434-2 

8983* Wire Mesh 0.4 1 : 2* 

i . 

* To be used f o r slab analys is . 

* Assumed ' E ' value constant f o r sand-cement 

mixes and pure cement mixes* 
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FIGURE 4.6 Steel Fibre Re l n f or cement 

w/c = 0.4» f / e = 4 per cent by weight 

Load 
KN 

SMidsp 
Eight 

mm. 

Sample 
1 

• 

an 

Sample 
2 

S Mids 
Lef 

tnrr 

Sample 
1 

« 

gpan 
t 

1. 
Sample 

2 

• 
5 Average 
experiment­

a l 
mm. 

& 
Theor­
etical 

mm. 

* 
Error 

0.11 0.38 0.10 0.14 0.00 0.076 0.09 + 8 

0.22 0.45 0.20 0.22 0.00 0.22 0.18 •}• 22 

0.33 0.52 0.30 0.28 0.05 0.29 0.26 • 11 

0.44 0.59 O.38 0.34 0.14 O.36 0.35 + 2.9 

0.55 O065 0.50 0.40 0.20 0.44 0.43 + 2.4 

0.66 0.72 0.60 O.46 0.28 0.52 0^525 - 1.0 

0.77 0.79 0.70 0.53 C.38 0.60 0.61 - 1.6 

0.88 0.87 0.78 0.59 0.42 0.67 0.70 - 4.21 

0.99 0.94 0.90 0.68 0.54 0.77 .0.79 - 2.5 

1.10 1.03 1.00 O.76 0.60 0.85 0.88 - 3.4 

1.21 1.15 1.12 0.90 0.69 0.97 0.96 + 1.0 

1.275 — 1.16 — 0.72 0.94 1.01 - 7.3 

NOTES : 1. Se l f weight neglected 0.27 KN = 0.18 KN/fo 

2 . Beam assumed e l a s t i c u n t i l f a i l u r e f o r 

t heo re t i ca l d e f l e c t i o n . 
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FIGUKE 4.8 Glas3 Fibre Reinforcement 
w/o = 0.4 f / o = per cent by weight 

Load 
KN 

SMidspan 
Right 
mm. 

S Mid span 
L e f t 

mm. 

S Average 
experimental 

mm. 

& Theor­
e t i c a l 

mm • 

c> 

Error 

0.11 0.85 0.80 0.83 0.10 730 

0.22 0.86 0.84 0.85 0.21 305 

0.33 1.10 0.88 0.99 0.31 219 

0.44 1.28 0.88 1.08 0.42 157 

0.55 1.38 0.90 1.14 0.53 115 ' 
i 

0.66 1.45 0.92 1.19 0.63 89 

0.77 1.53 C.96 1.25 0.73 71 

0.88 1.6o 1.00 1.30 0.84 . i 
55 ' I 

NOTES : 1 . Sel f weight neglected 0.27 KN = 0 . 1 8 KN/fc. 

2. Beam assumed e l a s t i c u n t i l f a i l u r e f o r 

t heo re t i ca l d e f l e c t i o n . 

3. One sample unrepresentative, p o s s i b i l i t y 
of a p o t e n t i a l crack i n the lower f ace . 
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FIG-PTE 4.9 Slae? Fibre Reinforcement 

Adjusted Defleot ions and Percentage of 

Er ro r . 

Load $ Experimental* h Theoret ical % Error 
KN Average 

(mm) (mm) 

0.11 0.1 0.1 0 

0.22 0.12 0.21 38 

0.33 0.26 0.31 16 

0.44 0.35 0.42 17 

0.55 0.41 0.53 23 

0.66 0.46 0.63 27 

0.77 0.52 0.73 2G 

0,88 0.57 0.84 32 

0.73™* subtracted from the values below 

(See Section 4«4) 
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FI&UKE k.11 Wire Mesh Reinforcement 

W/C = 0*4 

S Midspan S Midspan > Average S 
Thoor-
et ioal 

% 
Load 

Right Left ( jxperimental 
S 

Thoor-
et ioal Error 

van. mm. mm. mm. 
KN 

Sample 
1 

Sample 
2 

Sanple 
1 

Sample 
2 

0.11 0.30 0.32 0.15 0.02 0.20 0.06 - 200 

0.22 0.40 0.40 0.20 0.02 0.26 0,11 - 136 

0.33 0.45 0.45 0.22 0.02 0.29 0.17 - 71 

0.44 0.52 0.12 0.32 0.23 - 39 

0,55 0.52 O.58 0.25 0.16 O.38 0.28 - 36 

0.66 O.65 0.22 0.44 0.34 - 29 

0.77 0.65 0.70 0.32 0.24 O.48 0.40 - 20 

0.88 0.70 0.75 0.35 0.28 0.52 0.A.5 - 16 

0.99 0.76 0.62 0.38 0.32 0.57 0.51 - 12 

1.10 0.85 0.87 0.42 O.38 O.63 O.56 - 12.5 

1.21 0.39 0.93 0.45 0.40 0.67 O.63 - 6.4 

1.32 0.94 Or. 98 0.49 0.45 0.72 0.68 - 5.8 

1.43 1.00 i .04 0.53 0.50 0.77 0.74 - 4.1 

1.54 1.08 1.09 O.56 0.53 0.82 0.79 - 3.8 

1.65 1.13 1.14 0.60 O.58 0.86 0.84 - 4.8 

1.76 1.19 1.20 O.63 O.63 0.91 0.90 - 1.1 

1.87 1.25 1.25 0.68 0.68 0.97 0.96 - 1.0 

1.98 1.31 1.30 0.72 0.72 1.01 1.01 - 0 

2.09 1.37 1.35 0.75 0.78 1.06 1.07 

I 
i 

0.09 
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FIGURE k.12 Wire Mesh Reinforce me nt 

Adjusted Deflections and 
Percentage of Error . 

Load 
KN 

s 
# 

Experimental 
Average 

mm. 

s 
Theoretical 

mm. 

% 
Error 

0.11 0.06 0.06 0 

0.22 0.12 0.11 9 

0.33 0.15 0.17 11 

0.44 0.18 0.23 21 

0.55 0.24 0.28 14 

0.66 0.30 0.34 12 

0.77 0.34 0.40 15 

0.88 0.38 0.45 16 

0.99 0.43 0.51 16 

1.10 0.49 O.56 11 

1.21 0.53 O.63 16 

1.32 O.58 0.68 15 

1.43 O.63 0.74 15 

1.54 0.68 0.79 14 

1.65 0.72 0.84 14 

1.76 0.77 0.90 14 

1.87 0.83 0.96 14 

1.98 0.87 1.01 14 

2.09 0.92 1.07 14 

* .14mni. subtracted from the values below 
(See section 4.4) 
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4*4 Discussions 

Tho measured deflections are compared with the expected 

deflections in Figures 4*6 to 4.13. The high percentage error 

at the beginning of the experiment suggests that some experimental 

error has taken place* At the start of the experiments in a l l the 

samples. This might be due to the test beam aotually locating 

i t s e l f , i . e . penetration of spreader plates. 

The measured deflections at the beginning of Hie experiment 

were much higher than expected. Therefore i t was f e l t that 

subtracting the difference of expected to actual deflection at the 

start of the experiment from a l l the values measured throughout the 

experiment and re-analysing the graphs would give a better picture 

of the behaviour of the beams under the load. The measured 

deflections at the s tar t of the experiment were not tue aotual 

deflections due to loading of the beam and gave no idea of the 

structural behaviour and of the checking of the structural 

properties of the beam. 

As can be seen from the results of the s tee l f ibre reinforce­

ment, Figures 4«6 and 4.7, this adjustment was no* necessary for 

steel f ibre reinforced beams because at the beginning of the 

experiment a high jump i n the d ia l gauge reading was not observed* 

I t i s believed that the most variable factor was the actual 

value of the modulus of e las t i c i ty and r ig id i ty values in these 

experiments, which wi l l be tho main cause of the differenco of 

the actual or.d theoretical doflection values. The other main 
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faotor i s the actual thiokness of the faces. Even though a 

reasonable uniform thickness of the faces oan be achieved, i t 

i s pract ical ly impassible to pour a perfect uniform thickness 

with the methods used i n -this research. The contribution of 

the thickness of face i s very high to the bending s t i f fness of 

the section therefore to the deflections. Small variation in 

thickness of the .face at maximum bending moment positions can 

affect the expeoted deflections to a great extent. 

The maximum error of 16 per oent on adjusted results for 

wire mesh beams, 38 per cent for glass f ibre beams, 22 per cent 

for steel chopped wire beams i s considered to be within reason­

able error l imi t s . The unavoidable experimental errors, such 

as twisting of forms, equipment calibration i rregu lar i t i e s , etc 

ooupled with the section thickness variations, variable struct­

ural property values and considering the assumptions of deflection 

theory suggest that tho values found in the ear l i er parts of th i s 

research are correct within the error l i m i t s . 
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4• 5 Beam Finite Element Analysis 

With the program already available (See seotion 4.6) a 

f i n i t e element analysis was done to further check the results 

of the beams• 

The input and output data I s included in the AppendixJT 

The results are tabulated and plotted in Figures 4.16 - 4«21. 

The input data i s shown on Figure 4*15* 

Since modulus of e las t i c i ty and shear modulus have been 

calculated by experiments for the core, the Poisson'e ratio 

value i s calculated from the relationship 

G = E (4.13) 
2(1 + r ) 

For the face material i t i s assumed V = 0.3 and the shear 

modulus i s calculated accordingly. 

The beam was loaded on node points 1560 and 2560 with a 

unit load. To aohieve a s tat ica l ly determinant condition the 

beam was restrained in they -direction, both faces, at node 

points 2000 and 2060. (See Appendix I I ) 

This simple beam analysis served to demonstrate the 

val idity of the numerical model so that a similar analysis 

of the slab could be performed with greator confidence. The 

oonpariscn of the laboratory and numerical model deflections 

appears to be very good. 
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4»6 Sandwich Slabs 

' In this part of the research a sandwich slab 1200mm. 

square 120mm. thick with wire mesh reinforced faces I0mm. 

thick was poured. Using the structural property values 

found in the ear l ier parts of this research a f i n i t e element 

analysis was done by means of the available 'Irons-Quad' 

computer program. This program i s developed at Swansea 

University for general f in i te element analysis and revised 

by Dr. G.M.Parton and his research assistants to take care of 

the stresses and displacements induced by considerable shear 

Inflections, therefore leaking possible the analysis of the 

sandwich plates and beams. 

The results of the computer run are compared with the 

actual experimental values the results are tabulated and 

plotted. The deductions are discussed J.n Section 4«10. 

4»7 Laboratory Procedure 

The formwork was designed to use the minimum amount of 

mould material for a reasonable size of slab that can be 

fabrioated and tested in the laboratory conditions. I t was 

f e l t that fabricating the mould walls and using the floor 

as the bottom of the mould would be practicable. (See 

Figure A.1«4)« 

F i r s t an equal angle frame was bui l t using Dexien 

section No. 225, 1200mm. long on the perimeter. Then 
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1250mm. long planks, 100mm. high were bolted to the Dexian 

frame by 10mm. long bolts 4 No per corner. 

The Dexian frame serves as edge s t i f feners to stop the 

supports penetrating into the slab and also the reinforcing 

mesh i s placed on top of the bottom leg of the angle which 

ensures the reinforcement lays on the midplane of the bottom 

face. 

F ina l ly a FVC sheet with edges attached to the walls of 

the mould on the outside, was provided at the bottom of the 

fornwork to hold the mix inside the moulds. 

To tes t the sample and to measure deflections, the sla"> 

had to be l i f t e d to be placed on the knife edge supports. Tc 

fac i l i t a t e the l i f t i n g operation, four l i f t i n g lugs were pieced 

symmetricclly inside the moulds. 

Aftei- the sample was poured and oured for seven days the 

slab was l i f t e d by means of a 3 cwt capacity * Coolie' fork l i f t 

Ser ia l No. 4100-68 and 20 cwt capacity hydraulic crane Serial 

No. 1264 8434-

The pouring of the sample was done in a similar manner 

as for the beams. A wire mesh continuous throughout tho plane 

of the face wis placed on top of the leg of the Dexian frame. 

The particulars of the wiro-mesh are the same as for that used 
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for the beams. To avoid sag of the mesh due to own dead 

weight at centre of the mould, 4mm. thick 50 x 50mm. wire 

mesh pieces were placed at 300mm. intervals . This ensures 

the reinforcement i s , i ) paral le l to the plane of the faces, 

i i ) embedded in the faces thoroughly. The wire me3h was 

bent a l l 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 between 

the faces and the core. 

A l l the mixes were poured in the same manner as des­

cribed i n section 4*3* but mixed in a concrete mixer, Type 

3415, Serial No. 393540. 

Tamping was v i ta l to ensure that the paste penetrated 

below the mesh. A tamper 140nui. deep, 30mm. handle, JlOiam. 

below the top of the walls, was fabricated. The bottom face 

was tamped i n i t s place. The purpose of the tamper was, 

i ) to act as a vibrator to compact the cement paste, i i ) to 

measure the thickness of the bottom face, since the f loor was 

perfeotly level led, the walls of the mould were ninety degrees 

to the floor, and the tamper did not deflect, i . e . was of 

in f in i te r ig id i ty . 

Once the required thickness and the compaction of the 

face was achieved, the unsatisfactory irregular i t ies were 

corrected by means of a f loat , but the surface as a whole 
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was never made smooth to help the bond between the face and 

the core. 

The core material was f i t t ed by means of another tamper 

iCtom. deep below the handle to ensure the even thickness of 

the top face. Once the core was f i tted about four hours 

lapsed before the placing of the top face. (See section 4*3)• 

The top face wr.s poured i n the same manner as the bottom 

face, but the top surface was made smooth'as rr.uch as possible by 

* f loat . 

The whole slab i s covered with wet cloth and r* PVC sheet 

•for about 72 hours fur curing purposes. 

A constant water-cement ratio of 0,>+ was maintained for 

a l l the mixes and a sand : cement ratio of 2 : \ wa3 U3ed for 

face mixes. The sand was fine building sand. 

The sieve analysis i s given below. 

Mesh No. & Passing 

25 
52 
72 

100 

170 
200 

18 94 
76 
37 
21.8 
7.8 

1 
0,4 

Fan 0 



B r i t i s h Standard Sieve Sizes 

% Passing 100.72 52 25 18 

100 .. 
90 •• 

'.80 .. 
70 • 
60 
50 
ua • 
-30 ... 
20 • 
10 •• 
o L 

Particle Distribution 

4.8 Testing the 31ab 

The slab was simply supported a l l along the edges of 

the slab. Th<* knife edge supports were placed directly 

under 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 ' Demec1 50mm. length mechanical s train gauge 

points are located as shown in Figure. 4.22. 

A total of 6 No. d i a l gauges were used. The s tra in 

gauge points were r.t three positions, 6 points to each 

position, (a to ta l of 18) were firmly attached to the top 

of the upper face by means of 'Araldite.' 

About 48 hours elapsed between the location of the 

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

The central load was applied at 2000 newton intervals, 
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and strain and displacement measurements were recorded. The 

values are tabulated in Figures 4.21 and 4.22. 

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 relationships below to 

compare the results with the finite element analysis outputs. 

6, = E ^ + Y£ 2) (Equation 4.14a) 

d 2 = E(g g + Y£j) (Equation 4.14b) 

( 1 - Y 2 ) 

After removal of dial gauges the slab was loadecl at the 

centre with 7 kn central load. There was no sign of failure 

orr-excessive deflections. Expected failure load was 23.6kn 

central concentrated 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/m . This load was left on the slab for about 48 

hours. The slab was strong enough to take this load. No 

excessive deflections or failure cracks were observed. 

The slab was than transferred to the 'Denison' loading 

rig to test i t to failure. 

There wero no local failures. The f i r s t crack was observed 

on the tension face about 25 kNl*u»At 42.8 kN load the bottom 

face reinforcement snapped and the crack opened between the two 

opposite sides. 
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Slab t 

EcVvc , 

Centre Line 

sJab 
1010 2f 

0 

3Q10 
0 

4010 
+ 
0 

5010 
•U 

89 
i 
r 

6010 Node i 
i J o 

Thcor-
• o t i c n l 

0.8 Experi-
men tal 

1020 4020 Node Points 

0.55 Theoretical 
IV 0 Erroerimental 

10 JO 2030 !Tode Points 

Theoretical 
Exr> or i ment a 1 

1040 

4.4 

2040 

4.6 
3.9 

3040 
-1 

4.6 

Hode Points 

Theoretical 
E:-cn erincntr.1 

1050 J2050 ITode Points 

A l l Deflections 
j.0 nun,, 

6.3. Theoretical 

FKilQE 4.1? ^ ; .b Deflection 
Under 4..-.n Central Load* 

•Jo:.nutcr Output 
to bo read i n 
conjunction with 
Figure- ij..l8. 



if .9 S l a b Computer F i n i t e E l e m e n t A n a l y s i s 

S i n c e t h e s l a b was t e s t e d under a c e n t r a l p o i n t l o a d , 

and s u p p o r t e d s y m m e t r i c a l l y a l l around the p e r i p h e r y , a n d 

the d imens ions o f the s l a b a r e s y m m e t r i c a l w i t h r e s p e c t t o 

g e o m e t r i c a l c e n t r e l i n o s ( S e e F i g u r e 4.17), i t was f e l t 

t h a t a n a l y s i n g o n l y one e i g h t h o f the s l a b w i l l show the 

s t r u c t u r a l b e h a v i o u r o f the vihole s l a b . 

A u n i t l o a d was p l a c e d on node p o i n t 1555 «*nd 1055 

( S e e F i g u r e 4*1 5). A 1 1 t n ° i n p u t a n d o u t p u t d a t a i s i n c l u d e d 

i n the Appendix f o r f u r t h e r r e f e r e n c e . 

The P o i s s o n ' s r a t i o and f a c e s h e a r r i g i d i t y vtJ.ues a r e 

c a l c u l a t e d a s d e s c r i b e d i n s e c t i o n 4.5. 
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Dial Gauge 
Position 

Vertical 
Theoretical 
Displacement 

(mm) 

Vertical 
Experimental 
Displacement 

(mm) 

Per cent 
Error 

1 0 0.008* -

2 0,010 0.016 + 60 

3 0.006 0.010 + 66 

4 0.046 0.039 
1 
j 

- 6.65 

5 0.029 0.029 0 

6 0.013 0.016 + 18.7 

* Due Rotation 

?7<3JKE 4.20 Theoretical and Experimental Vertical 

Displacements 
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Dial 
Gauge 

Po aition 

Maximum 
Principal Stress 

kn/m2 

Minimum 
Principal Stress 

kn/m^ 

Dial 
Gauge 

Po aition 
Experi­

mental 
Theor­
etical 

Experi­
mental 

Theor­
etical 

Element 5 1 ' 2 56.3 54.08 41.35 - 8.72 

Element 24 34.5 101.83 21.7 - 90,77 

1. See Finite Element Analysis. 

2. Average Values for Position 1 and 2 of Dial 

Gauges. 

FIGURE 4.21 Comparison of Theoretical 

and Experimental Principal 

Stresses. 
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4* Discussion: 

The results are tabulated in Figures 4*20, 21 and plotted in 

Figures 4«16\19*The difference between the actual and experi­

mental values are within the experimental error limits due 

to inaccuracy of the machinery, assumptions of the finite 

element analysis program i . e . , the rotations are not fixed 

between the elements, therefore a discontinuity of the 

curvature of the element boundaries occur. But the main 

cause of the difference of the theoretical and expsilEiental 

values occurs due to the fact that in reality the section 

does not behave either as a whole or the faces behave 

separately. The present author believes that this behaviour 

i s somewhere in between due to the weak bond of the faces to 

the core. 

The principal stresses raet.3ured do not represent any 

actual strains and stresses. Sii^e the strains were i n the 
_5 

order of 10 the strain values were already in the error 

limits of the strain gauges. Therefore they do not represent 

any actual values. Even i f the expected strain were of a 

reasonable order, a high percentage of error i s expected 

between the actual and experimental values. 

Considering the points discussed in section 4*4* the 

displacement values are within acceptable limits. This 

suggests that the stress values calculated in the finite 

element analysis should give a reliable guide to stress and 

strain levels in the prototype slab. 



The unexpectedly high failure load might he due to the Dexian 

frame being welded on the corners. This might have limited the 

tensile strains of the bottom face and caused cracks not to extend, 

therefore increasing the reinforcement snap load, because when the 

reinforcement failed the Dexian frame corner weld failed. The 

f i r s t observed crack was in the region of the expected load. 
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CHAPTER 5 
CONCLUSIONS 

At present, concrete i s generally avoided in constructing 

sandwich sections; but the easy availability and cheapness of 

concrete relative to other materials should force future sandwioh 

research workers to look into the possibilities of constructing 

concrete sandwich sections. 

In this research a possible way of constructing cement-based 

sandwich sections i s 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 

ohecked at a latter stage with simple theory and 'Finite Element 

Analysis*. The values are found to be oorrect within the 

experimental 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 and 

practically to achieve an easy commercial use of the cement based 

sandwich sections such as roof slabs, walls, and load carrying 

members, i . e . beams and columns. 



97 

The poor adhesion and 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 can be easily overcome by neat workmanship, 

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

The following topics are suggested for the continuation of 

the present study : 

i ) The effect of the web reinforcement on the stability 

of the oore of sandwich sections in bending, 

i i ) Heat and noise transfer of the sandwich panels, 

i i i ) Shear strength between the layers of sandwich sections, 

iv) Study of the location of the neutral axis and effective 

compressive and tensile zon«*s with varying reinforcement 

in the faces. 



APPENDIX I 

DETAILS OF MOULDS 
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