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ABSTRACT

EFFECT OF REPEATE]I R]lVIBRATION AND STEAM CURING
ON IIHE SJTRENGTH OF CONCRETE

b¡' Nand Cu Jethi

Concrete was sub jecteci to repeated vib::ation

during the initial l8-hour pei:i od af ter cast jns; this process

was also conbined with low pressure steam curing; compressive

strengths for these two cases were comparerl with those of

coneretes subjected to sleam curing alone and norma1 air
eriring" The variables investigated were water/ce¡nent ratios,
duration of vibration at each applieation, interval between

successive apotications, and the test age of eonerete.

Type I nornal Portiand cement a.nd table

vibrators with frequency of 3O0O :rpm and aeeeleration of 8g

were used f or th. is invest.igation,

Revibration repeated too frequently durinr" the

first few hours after casting was found to have a cjetrimental

effect on the strength of concrete and resulteri in test
cylincìors having surface:re.eks and rleen fissrr-es. However

rer.rihra'tion reooatprì at I tnqer j,nterva.Is (sa1, everv 4 hrs" )



ouring the initial 18-hour periocl after casting di.d not
have such ariverse effect and even improved the compressive

strength in some cases; this increase i.n strength was

especialty marked at early âgêu Atso coneretes wjth higher
water,/cement ratios seemed to benefit comparatively more

iro:n revibrat i on,

Oombined revibrati.on and steam euring showed

stilens'th gains over stean curln¡ arone onr.y in a few îases;
rnostly this acivantage wal onry narginal, Again the strength
sain was rnostly reai ized at early aße,
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CHAPTER I

INTRODUCTION

Steam curing is now accepted as an essential
process in the precast concrete industry for the rapid
turnover of precast products. Basically it is a heat

treatment inparted to concrete at early age to accererate

its strength deveropment, and in so far as steam curing has

certair¡ advantages over dry heat treatment, it has found

considerable favour in precasting plant operations" Steam

curing may be applied at low pressure ( or atmospheric

Dressure), medium pressuree or high pressure" Use of steam

ium pres"u."( 5)"""r" to have no particular
acivantage over low pressure, anci high pressure necessitates

the use of special autoclaves and an intermit;tent process

for production" Hence stearn curing at low pressure or

atmospheric pressure is the nost common forrn of treatment

used in the manufacture of precast concrete products"

Viroration for the purpose of achieving proper

compaction is a routine procedure in concrete construction

today. The discovery of the beneficiat effects of vibration

1
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has had a profound effect on the advancement of concrete

technology, ancl wíth the present-day high cost of labour

and competition from other types of buildine materialsu use

of vibration is now absolutely indispensable in cortcrete

work.

some r"=""r"h(8)' (tþ)' (]ó) 
has been done to

study the effect of revibration or delayed vibration on

the strength of concrete" Concrete has been subjeeted to

vibration with varying periods of delay after castingo and

the effect of this process has been reported. on the different
properties of concreteo In most of these investigations,

optimum periods of delay have been found ranging from 2 to

5 hours, depending on the vibration characteristics and

concrete mixes used, where gains of up to 35% have been

obtained in the compressive strength. Strength gain appears

to have been particularly pronounced at early age. This

technique of strength gain by means of revibration would

seem to be ideally suited to a precasting pJ-ant, but to the

writer's knowledge no such practice exists on a commercial

scale, Presumably the art of revibration has not been

developed enough to encourage practical application"

Besidesn litt1e work seems to.have been done to study the

effect of a combination <,f this process with steam curing,

sornethl.ng closer io the opêFãtions of the precast industry

and possibly of more interest to it"
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This investigation is primarily concerned with
the effect of repeated revibration on the strength of
concrete" It is an extension of the technique of
revibration or delayed, vibration; here the delayed

vibration is repeated, not once but several times at pre-

determined intervals after casting. In so far as the

investigation also covers a combination of steam curing
and repeated revibrationu the resurts could be of interest
to the precast concrete industry

For the maximum utilization of their facilities
and the optinlization of their processese many high

production precasting plants are set up on a 24-hour cycle"

Generallyu 6 hours are reguired. for the combined operations

of prestress releaseu stripping, clean up and re-assembry

of forms, and application of pretension or positioning of
reinforcement" The rest of the l8-hour period has to
suffice for the operations of castingu presteam period and

steam curing"

This investigation was conducted more or less

along the sa'rne lineso simulating the operations and

schedure of a precastíng plant as described above. The cut-
off time for the processes of repeated revibration and. steam

curingu applied individually and in combination to different
sets of concrete cylinders, was l8 hours after casting" A

control set, cast from each batch of concrete mixed and. not
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subjected to any further operations after casting, was

designated the "Air Cured' set" Four sets of three

cylinders each were cast from every batch of concrete mixedu

and these were designated as follows according to the process

used g

Set (A) ¡ Revibrated

" (B) ¡ Revibrated and Steamed.

(C) c Steamed

" (D) s Air Cured

"Revibrated" a6 above refers to repeated revibration, and

usteamedeo refers to stean curin65. By varying(a)the water/

cement ratios of the nrixesl6¡ the revibration characteristics
( i.e. the duration of each application of vibration and the

interval- between successive applications)u and(c) the test

age of specimens subjected to identieal operationsu it was

thought that enough data would be obtained, to deternrine

whether these processes car¡ yield encouraging results to
justify further research and/at adoption by the p.recast

industryo

Considering the fact that steam curing causes a

ross (2)' (28)in tr,. ulitmate strength of concrete whereas

delayeci revibration possibly has the effect of increasing

the corrpressive strength, it was surrnÍsed that a
combination of the two processes might yield strength

values higher than those of normal concrete both at early
and later ageso
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Compressive strength is the most important

physical property of concreteu and is usuatly the only

requirement specified in its use" Therefore to keep the

scope of this investigation within manageable proportions,

and to ascertain the feasibility and potential of the

processes for practical applicationu it was decided to

Iimit this project to the study of compressive strength

only.



CHAPlER II

GENERAL REVIEW OF MATERIALS AND PROCESSES

A brief review of the basic properties of the

materials used. in this investigationu and the effects and

characteristics of the various processes to which these

materials are subjected is given in this chapter" Certain

aspects of both have been dealt with in somewhat greater

detail as these have an important bearing on the results

obtained.

2,L Manufacture of Cement"

Portland. cement is manufactured fron raw

materials which contain lime (CaO), alumina (e"U,2O3), iron

oxide (Fe2or) and silica (Si02). Generally these raw

materials are found in the form of limestone and c}ay" Two

different processes are used in the manufacture of cementc

a 1¡dryr' processo in which the constituent materials are

pulverized without the addition of water; and a "wet"

process,,which involves the addition of large quantities of

water to facilitate pulverizationo the resulting materials

being in the forrn of a slurry; pulverization is usually
6



carried out in tube mj"Lrs" Basicarlyu brendod mixtures of

Iimestone and clay as obtained above are burnt in huge

rotary kilns at temperatures of between l4OOo and 1óOOoC.

Here reactions and incipient fusion of the materials take

place, which results in clinkering. The clinker thus

obtained is cooled andu after the addition of glnpsum in the

correct proportionsu is ground to the requisite fineness to

obtain Portland cementn

2,2 Composition of Celnent.

The composition of cement and its properties

d.epend to a great extent upon the characteristics and

proportions of the raw materials used" These vary with

different manufaeturers and may even vary with different
batches from the same manufacturere so that a close

supervision of the raw materials and an appropriate

adjustment of the proportions and manufaeturing processes

is constantly required for the end. product to meet the

specifications }aid down. The following tables represent

the relative proportions of the constituents in the raw

materials and the composition of the finished product in a

typical manufacturing process s



.I'ABLE I

CONSTiTUENTS OF PORTLAND CEIVIENT

Content %

N arne Formula Symbol Typical Range

T:na!i.ì lv o a o c o o 0 ó o o c g c c

Silica oeo.eooosooo

Alumina.oooc.É.ce.

Iron Oxidê ..oooc.e

Gypsum ..o¡cooceoso

uthers (e"g.
ùlagnesia etc. )

CALI

si02

Atzo3

Fe203

CaS042Hr0

6J"L 60 - ?o

20.6 L? - 25

/^^^oo_1 t - ()

)"6 0,5 - 6

3,0 I - 3

zl.r I -,). , )

C

q

A

F

,IABLE

COMPOUND COMPOS]T]ON

ÏI

OF PORTLAND CEIVIENT

Cornpound Formula Symbol
Content

% ( rYR)

Tricalcrnrn sil-icate" " . .

Dicalciurn Silicate . e û e

llricalcíurn aluminate" o 
"

Tetracalcium alumino-
ferrite" ".

CaIcium sulphate
dihydratêouoooo

ivlagrresia e, o ó e o. o c o o o c c

iVlinor Constituents. o ó o ô

3Ca0. Si02 ajt
ZCaO. Si02 cZs

3CaO,41203 t3A

4cao . AL.'o3. Ferorc4AF

CaS04,2HzO

Mgo

5o

24

IO

Õ

3

3

2
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The charac'teri st i cs of the cornpounds

icientifliecì in Table II that influence the behaviour anrl

¡rooert i.es of cement rnay be briefly described a.s f ollov¡s ¡

(a) CaS; This compoun<l hydrates faster than CeS

ancì eontribi.rtes more to early strength

developrnent as we.'l.l as heat of

hyriration" It is only sl-ower than C3A

in the r.ate of heat evolution, and is
chiefly responsible for the resistance

of concrete to action of acidsu alkalie.s

and comosive salts¡ it is one of the

most stabl.e cornpounds in cement: It
constltr-.ltes 50 per cent of noi:mal Portlanrl

cement, proportionately more in high early
strength eements, Together wjth C2S, it
forms 70 to 80 per cent of all Portland

cement.

(b) C,rS: This cornpoun,C hydrates stower than C-S¿J
and its chief strength contribution
takes place after ? days and may

continue up to one year, Least heat of
hydral,ion is generatecl due to th j.s

comporrncl compared to othez's ; j t
contributes to rosistance of eonerete

to the action of aÌkal-ies; acids ancl



( c) crAr

IO
co.'^rosive saltso and like a.,t is one

of the most stable cornpounds " It
constitutes apprîoximatel y 24 per cent

of' normal Portland cement, reÌativel¡r
greater percentage ín Iow heat cements

and proportionately less in high early

strength cement"

It hydrates quickly generatinq much

hen.t i in fact u it has the greatest rate

of heat evolution compareci to other

compounds in cement" Jts strength

contribtuion is smal-Iu and that

principally within the first 24 hours"

It is the least stable of the four

principat compouncis and l jable to

clecompose to hydroxides of Ca and AI

on exposul:e to air anci water. It ,is

easity attacked by salts and alkalies
âñrj. its presence is undesirable for
hydraulic or marine works" Norma'l

Portl-and ""r"r,lL contains approximately

I0 per cent of CrA whi-le sulphate

resisting eement conta:Lns ver¡7 1ow

percentages of this compound.



]I
(d) C4AFs Comparatively an inactive compound, it

contributes little to strength at any

age or to the heat of hydration" It
is less stable than CrS or CrS but more

so than CrA" It constitutes about B

per cent of the composition of normal

Portland cement"

(e) G¡rpsum¡ It acts as a retarding agent to

prevent the cement from setting too

rapidly" It is usuall-y added to the

clinker at the grinding stage in

amounts of up to 3 per cent for ôormal

Portland cement t excessíve amounts

cause unsoundness and tend to reduce

the strength of cement.

(f) Magnesiar It forrns pericl¿se (crystalline

magnesia) in setting cernent if present

in quantities larger than 5 per cent;

thís hydrates very slowly and is

accompanied by expansion which causes

unsoundness and disintegration of

cement" It constitutes about 3 per

cent.of normal Portland cement"

2,3 Types of Ceinent"

The Canadian Standards Association covers the
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r-ollowing classif ication of cements ¡ -
I" Portland cements ¡

(a) Norma1 Portland cement

(b) Hígh early strength Portfand cement

(c) Sulphate-resisting Portland. cement

II, Masonry cementsc

(a) Type H - Masonry cement for general

use in masonry construction"

(b) Type L - Masonry cement for use in

masonry construction where

high strength mortar is not

required 
"

In actual practice many more types of cements are used f,or

specific apptications and the following may be citeds

(a) Extra-rapid hardening Portla¡rd cement"

(b) Portland blast furnace cement ø

(c) Low heat Portland cement.

(d) White Portland cemento

(e) Coloured Portland cement.

(f) High alumina cemento

( g) Expansivè cement 
"

(h) OiI wetl cement"

Some of these are covered by the British Standard

Specifications and the A.S"T"M" Standardsu but quite often

on-site conditions dictate special specifications. This is
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espeeially so for large projects like dams where vast

quantities of cements are required but Iocally available

materials may have peculiar properties" The specia,t

specifications are generally based on results obtained by

trial mixes subjected to the same conditions as the

structure will be exposed tou and are usually a compromise

between economy and quality"

The relative proportions of the four principal

compounds and the fineness of grinding determine to a

Iarge extent the properties of Portland cements that

d.iffepentiate the various Wpes in this group, Most of the

other kinds of cements derive their particular properties

from the add.ition of certain materials designed to give the

required effecr"

This investigation covers only normal Portland

cement, mainly because this is the type of cement most

commonly used and also because this limitation reduces one

more variable in an investigation that potentially has an

extremely large number of these" Thus any unqualified

reference to cement hereafter shall be taken to mean

n orrnal Portland cement

2"4 Hvdration of Cement"

The chenical and physicaf transforvnationsu

termed. the hydration of cement, start with the addition of

water and rnay continue for a very long time under suitable
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conditions, although at a progressively slower ra'Ee"

The anhydrous compounds of eement ar:e decomposed

by water to form hydrated products" Supersaturated and

unstable solutions are formed temporarilyu but these

gradually deposit their excess solids and tend to come into

equilibriurn with the hydrated compounds producedu

Hydration of tricalcium sitieate (ClS) may be

represented as s J CaO. SiOr+Water -> Ca ( OU) r+xCa0, ySi02 âQ'

Calcium hydroxiCe, one of the by-products of this reaction,

is deposited in the form of crystalsu whereas the hydrated

calcium silicate appears as a gelatinous mass or gel" The

ge} quickly forms a coating around the oríginal grains and

being relatively impervious to wateru slows down further

attack" However hydration can again be accelerated if the

gel coating could, be broken down to expose fresh surfaces of

the unattacked cores of CrS"

Dicalcium silicate (CZS) is only slowly attacked

by water and even after some weeks the original crystals

show only a surface coating of an amorphous hydrated

silicateu the thickness of which slowly increases with the

passage of time"

Tricalcium aluminate (CaA) reacts very rapidly

with water though much less so in a saturaterd lime

solution; in presence of exceÊs water a plentiful formation

of hexagonal plate crystals is observed" Theseu when seen
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on edgee appear as needles in clusters radÍating from a

centre" These crystars begin to form within a few minutes

and increase rapidly in size and in amount" No calcium

hydroxide or hydrated alumina is produced"

Tetracalcium alumino ferrite (C4an) reacts

quickly with wateru though less rapidly than C3A, to form

hexagonal plate crystals" When mixed to a paste with water,

it shows excellent crystal formation within a d.ay.

In the presence of gJrpsum, the manner of hydration

of C-S and. C.,S is apparently unchanged but that of C"A is)¿)
much altered whereby formation of the hexagonal plates and

needles commences e but very soon other extrernely fine

needles begin to grow and steadily increase in }ength and

thickness 
"

Microscopic examination of a thin section of set

Port1anC cement reveals three main contituents¿ (a)

unhydrated grains of cement, (b) crystals of calcium

hydroxirìe and (c) the ge1 mass of hydrated productss

Capillary voids may also be observed interspersed at random

in the ¡4el mass, their nunber dependent on the water/cement

ratio a*u time of mixing"

2"5 Se-¡ting and Hardening of Cement and Concre-Þ"

The additions of water to a mixture of centent and

aggregate followed. by rapid and thorough mixing results in

a plastic heterogeneous mass called concrete" In properly
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made concreteu the aggregate particles are completely

coated lvith cement paste, and all the spaces in between the

particles are aiso filled with the paste"

The cement paste, immediately after mixingu

consists of the cement compounds in an aqueous solution or

suspension, tiny particles of clinker and powdered g¡G)sumø

A typical specimen of fresh paste may be composed of 4:Afo

solids and 60fi aqueous solution by absolute volume, Sinco

about 65% of tne cement particles are larger than the

avera€le distance of 7 microns between adjacent particle

surfaeesu the cement paste is made up of solid partícles

much larger than the water filled spaces between them"

Therefore the basic structure is a network of closely

spaced discrete particles in a flocculent mass having very

little rigidity
The discrete particles are brought closer

together by the process' of sedimentation or oobleedingunS

hydration products bridge and surround these particles and

the process of cementation begins,

There are four distinct stages in 'Lhe hydration

of normal cementu discernible by the different rates of

heat evolutionu The first .stage begíns immecliately with

the addition of water to cement when dissolu'uion and án

exothermic chemical reaction takes p1ace" The rate of heat

evolution builds up rapidly and peaks in about J minutes
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after which a rapid drop in the rate is noticeabie marking

the end of the first stage" The second stage is

characterized by a uniform and low rate of heat evoiution

and is known as the dormant stage ¡ this lasts for about ar-r

hour" A renewed increase in the rate indicates the

beginning of the third stage, reaching a peak at about the

sixth hour after the addition of water to cementn A fall in

the rate of heat evolution shows the beginning of the four';h

stage which continues more or less throughout the life of

the cement mass,

The end of the second siage or dormant period

cienotes the completion of the process of sedimentation and

is marked by the ending of bleeding in the concrete. The

third stage is a period of setu initiai set being obtained

sometime during the beginning of this stage and final set

at the end when the rate of heat evolution pe,aks" The

fourth r;tage with a eontinuousty decelerating rate of heat

evolution is called the period of hardening"

As pointed out earlier, dissolution of the various

compouncls in water and the accompanying chemical reactions

take plarce during the first stage" Calcium silicate gel is

produced as a result of the chemical reaction and crystals

of C,S tend to get coated with this gel" The donnant period)
is probably due as much to the reactíon betwee:n CrA and

gypsun with the production of carcium surfoal-uminate hyd.rate,
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as to the thin coat of ge1 surrounding the C3S particles

which inhibits a rapid and ready attaek by water" After

the reaction intensity between CJA d.nd g¡psum has

diminished. to a low level and water has again found. its waJ'

through the gef pores to the unattacked cores of CrS due to

osrnosis, a progressive breakd.own of the get coating takes

placeu probably d.ue to osmotic pressure, with the forrnation

of more calcium silicate gel and precipitation of calcium

hydroxide crystalso The ruptures in the original geI

coating are resealed. by this further ge1 formation; the

thickness of the coatings is also constantly being increased

due to the reactions taking place at the interface between

the gel and. the t3U cores, this is a rapídly decelera'cing

process after tlre initial ruptures have taken place because

the ge.L envelopes become thick enough to resist rupture due

to osmotíc pressure and the diffusion pa:ths for water 'to

get thnough the gel pores become increasingly longer'

The general picture of setting cement is that of

gel- masses containing cores of unhyd.rated eement particles

coalescing to form links with other similar rnassesu inter-

sperseci with numerous capillary Spaces containing wateru

and enrneshing crystals of calciurn hydroxide i¿nd other

hydrated products, The further hydration of the unattacked

corese more linkages between adjacent groups of gel masses'

wedging action of the crystals, drying out of the capillary
wateru stiffening of the gel masses, all eontribute to the



Lg

hardening processe

?"ô Vibration of Concrete,

The strength of a given mix of concrete is 'rery

much dependant on the pe::centage of voids in it" These

voids are due to entrapped air in freshly mixed concreteå

some more may develop later due to evaporation of water

during the setting and drying periods. Vibration is
generalry used in concrete work to eriminate air voids and

obtain the desired compaction, Fíg" I irrustrates the l-oss

in concrete strength with

increasing amounts of air
voids, (46) 

" rn the

presence of l0 per cent

air voidsu concrete loses

over !0 per cent of its
strength at full compact:on"
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Compaction of concrete can also be achieved by

various means other than vibration, though their use is

Iimited to specific applications" Other methods of

compacting concrete are s

(a) Punning or tamping with rods for cast in place

or pre-cast applications" This was the principal

method before vibration was developed for this

purpose 
"

(b) Centrifugat force by means of high speed

rotation or spinningu used for the manufacture

of pre-cast pipe and other similar sections.

(c) Pressure applied through a hydraulic press, used

in the manufacture of paving flags and curbstones"

(d) Compaction by rollingu involved in the manufacture

of very thin products like tiles" It is also

used sometimes in road construction

(e) Shock or jolting as a means of compactionu used

for precast products and achieved by lift-tng the

mould. with the help of cams and dropping i-t onto

a hard surface" This may also be classified as

Iow frequency very high amplitude type of

vibrat ion.

Vibration of concrete may be achieved by the

following methods r

(a) hnmersionu shaft or rod vibrators which are
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plunged directly into fresh concrete to be

compacted.

(b) Form or shutter vibrators which are attacherl

d.irectly to the forrns or moulds in which concrete

is cast"

(c) Vibratíng screeds or pans which are applied to

the exposed upper surface of concrete"

(d) Vibrating tables where the entire mould including

the concrete is subjected to vibra'6j'ol:l"

The ad.vantages of using vibration as a means of

compacting concrete may be listed as followss (a) a higher

state of compaction can be achieved than by hand punning,

with an accompanying increase in strength due to a decrease

in voi<i ratio; (b) Iower watet/cement ratios can be usedu

again yietding increased strength¡ (c) alternativeJ-y, the

same strength can be achieved by using less cement with

consequent economy; (d) Iowered cost of concrete due to

ease of placement; (e) greater density, homogeneity and

better appearance; (f ) improved bond with rej-nforcement

and at construction jointsc (g) greater durability; and (h)

reduceci shr inkage 
"

Irnmersion vibrators are used at fre,quencies

between 70OO and 9000 rpm for use in most cast-in-situ

and pre-cast Concrete worku Iike walls, columnsu beamst

slabs, piles etco¡ the higher frequency for thinner sections
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ancì fower lor nlassive a'f'plications" fmmersion spuds with

head diameters ol' 5" to 6" an<ì operateci at 6OOO rpm are

used for rnass concrete Like dams, massive piersu etc,

Vibratíng screeds are ttsual.I¡l oper:ated at 3000

rprn and rnay be up to 4Oo long and i8o' wirie" They are

effect j-ve to a maxl.mum rlepth of' about L2" ancj are useful

for hirhway and. airport pavement construction"

Formvibratorsaregeneral]yclamoedtothe

f'orms at predeterminerl points and are more suitabl-e for

steel forns and thin walled precase sections like pipes'

thinwa]lpanels,highuslendercolumnsetcoTheymay

ranfle in frequency from 3000 to gOOO rpm and acce:Lerations

crf lOe to 25F"

Vib.ratingtablescanonlybeusecjforpre-casting

ancl as such are extensively used in the pre-cast industry'

lhey may be operatecl by electromag.net ic f orceS , or electric

motors clr,iving shaf ts rnounted with eccentrie we ights ' The

usual frecluencies used are looo to B0oo fPffi, and acceleration

var.ies frorn 3g to 1og" Amplitudes can be varied by ad justing

the eccentric weightsu and the.magnitude requirerl depends

on the frequency used and the iob requirement"

lvjuch research has been cione to rleterrnine the

optirnum cond.itions of vibraticjn to obtajn r:he benef icial

effects of proper compaction and' to study 'rhe effect of
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d,ifferent combinations of frequencyo acceleration and

arnplitude on various properties of concretee

Cusens (I5)use¿ a table vibrator driven electro-

nasnetically and capable of bei-ng adjusted with regard to

frequency, amplitude and acceleration. He noted that there

is an optimum frequency for each mixu the lower frequencies

(about 3000 vib,/min") being suitable for dry mixes and

higher frequencies (more than óOOO vib"/min.) are best for

normal usen He also concluded that there is a minimum

value of amplitud.e of about 0"00 2 -tn" u below which

vibration has no effectiveness for compaction, and above

this value acceleration becomes a convenient criterion of

effectiveness; for general use the minimum value for

acceleration recommended was 4g" He also suggested that

for sections of depth greater than 6o', the amplitude should

be as high as possible with low frequency.

The Institutions of Civil Engineers and Structural

Engineersu Londonu England set up a joint sub-cornmittee to

investrgate the vibration of concrete. They repolîted (11)

thatu at a constant acceleration of 4g and a period of

vibration of 2 minutes, frequency of vibration had litt1e

effect on the strength of the wetter mixes, but for very

dry mixes, decrease in strength was noticeabie with

increase in frequency" However frequencies in the range

1500 - 30OO did not exhibit the same tendencies" The
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effect of nr-olonged vibration duríng settinq and harriening

,:licÌ not seem significant with a water/cernent ratio of O"4o

but at 0"6 a ?O per cent increase in strength was obtained

when the perioci of vibration was extended from 2 minutes to

3 hours" This was <iue to the fact that a lowering Of wate-:/

eernent ratio took place by allowing the water foreed upward

bli vibration to be lîun off 
"

Stewart ( I0 ) observed that if frequency a.ncl

anplitucle are satisfactory, vibraiion can be contjnued

j.nclef initely without bringing about any further changes in

the condition of concrete, once stabilization phase has

reachecl during the process of consoliclat j on 
"

ThatSegregationisnotsomuchthefauitof

over-vibration as of bad mix-proportioning, has been

eonefurieci bl¡ many researchers (?)' (B)' (10)' (17)'

" n ? Rqtat-!-o44-1-.II,-Et4.i.li-!¡i.

;, interest ing phenomenon r¡/as reportecì bv cr¡sens 
( I5 )

dririns his investieations of the effect of vjbration on

eoncrete" He observed that under certain circumstanCes,

vibrat;ion indrices the concrete to to roll uo in the form of a

ball ¿rnci beein( s ) to rotate centred about two rli.agonally

opposite corners or about two opposite vertjcal faces" If

the amplitucie of vibration of the table is rnaintainecl'

rotation continueS and compaction ceases to take place,

liowever j f the amplitude of vibration is climinishecl, the
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increase of amplitude faLls to bring about further rotation"

A possible causie of the phenomenon appeared to be

uneven vibration of the table platform'o " He termed this

phenomenon orotational instability'. He concludeds

"Concrete mixes tiable to rotational instability have the

appearance of loose dainp earth before vibration" After an

initial few seconds of vibrationu they becorne vay viseor,r,s in

appearance and behaviour" The partictes cannot adjust them-

selves to the velocity gradient across the mould and the

whole mix tends to roll up and rotate" The rotation

prevents the vibration from breaking d.ourn the paste to a

viscosity low enough to allow the particles to move freely.

In the author's experienceu the incidence of

rotational instability is confined to¡

(f) small mouldsu euB, 4 in" cube moulds¡

(?) Iarge amplitudes (O"OO5 in. and above);

(j) dry mixes of high sand content."

It is curious that no other investigator has

reported this phenomenon but the writer of this thesis

carne across such an occurrence during the co'r¡rse of the

current investigation"

2"8 Rel'ibration of Conclete,

After the initial vibration for cornpaction,

concrete is usuall-y left undisturbed until it has hardened
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and attained a specific strength" 'lhe feeling is generally

prevalent that any kino of disturbance after the initial set,

and before the concrete has hardened appreciablyo ís

detrimental to its strength" Some research has been done

to study the effect of revibration on concrete, with varying

period.s of delay after castin65, and it has led many

authorities (?)' (11)' (17) to concrude that the effect of

controlled revibration is not necessarily detriÍnental to

concreteü in fact most investigators (B)'(14)' (16) etcn

have obtained marked increase in strength attributable to

this operation.

Mattison (r4)termed revibration as oelayed

vibration when the specimen was initially compacted by

rodding onlyu and repeated vibration when initiaL compactionu

at time of castingu was achieved by vibration" Cubes were

used for compression testsu and cylinders for indirect

tension test using a method described by Blakey. He con-

cluded that for some concretes of high workability, delayed

''¡ibration and repeated vibration can increase the compressive

strengths above those by hand punning by one-sixth" These

effects are somewhat reduced in the case of mixes with

coarse sand. tn: effect of delayed vibration on the tensile

strength showed large variationsu but a general increase was

observed" Concretes of low workability showed strength

increase, due to repeated vibration, of about one-sixth"
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concretes with higher cernent contents ¿¡enerarry showed a

rower proportionar increirse in r;trength due to cielayed anrj

repeated v j-brat ion " He 'rlso observed thn t there i s some

relationship between max Lmum bleeding and increase in
strenpSth due to repeated vibration, His equipment con-

sisted of a tabte vibrator operating at a frequency of 3OOO

cycles per second and having an amplitude of 0"04 in" The

revibration was applied at three hours after casting. He

surmised that the reason for increase in strength was due to

re-bonciing of the aggregate after the completion of bleeding,

Normalty settlement of mortar under bridged pieces of

aggregate causes a loss of bond and zones of weakness in

concrete; with revibrationu bleeding marked the re-bonding

of aggregate and mortar"

Purandar"(ró) ".I"o used a table vibrator, and his

test specimens were cast in the form of cubes and beams.

Maximurn strength increases in both cases were obtained with

specimens revibrated 2 hours after casting and these

amounted to 35% above unrevibrated specimens" there was a

marked decrease in strength due to revibration after 2 hours

delay. The periods of delay used ín his investigation varied

by I hour intervals up to J hours after casting. Test age

of specimens was ? d.ays and high early strength type of

cement was uSed, No va1ueS for frequency or accelera'tion

of vibration used were given, The author surmised that the
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increase in strength was due to the water reacting with the

exposed cores of unhydra;ed cementu mad.e possible by breaks

in the gelo and a wedgin,l action of the calcium hydroxide

crys tals ,

Tuthí1I and Daviu(B)conductecl various tests to

determine the effect of revibration on concrete" (a)

Concrete cylinders (6'o dia. x LZ'o high) were revibrated up

to I0 hours after casting in moulds clamped to the vibrating

platforms. High frequency vibration was used and the

increase in compressive strength over unrevibrated concrete

was u.Ð to 25 pet cent" Greatest strength gain was obtained

when interval between time of mixing and time of revibration

was Z fo 5 hours" (b) Two wall panels, ó' x $o x 4" were

subjected to revibration by means of form vibrators" In one

case, revibration applied 2 hours after casting was SucceSS-

ful, but in the other case revibration applied after IO

hours caused small cracks in the panels which could not be

successfulty closed up again even with prolonged vibration'

This was evid.ence of the harmful effect of revibration'

(c) vibration was applied to plain round reinforcing bars

cast v.ertically in ó,, x (n concrete cylinders. when bars

were revibrated 4 hours after casting, it w¿¡'s observed

that immediately after vibration was beggn, bond was

apparentlybrokenanda.bthetopasmailannularSpacewas

visible between the bar and the surrounding concrete. on
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paste and water and some air was experled from the viscous
mass surrounding the bar" For revibrated bars, bond
strengths were )o to 50 per cent higher than unrevibrated
specirnens, (d ) rn another series of experiments, creformed
reinforcing bars were cast verticarry i-n 6,, x gn cyrinders,
vibration was applied to bars after intervar_s ranging from
? to t hours after time of casting" Both row frequency and
high frequency vibration was tested" rncrease in bond
strength up to l-00 per cent as recorded compared to un-
revibrated specimens

The authors concruded that substantiar benefits
could be derived from revibration of partiaJ_J-y set concrete
if carried out under proper conditionsE i.e" where the
possibitity existed that the concrete could be effectivery
reconsol-idated with proron6çed vibration " this could be
taken advantage of in the manufacture of pre-cast products,
but they did not think it was feasibre to use revibration
on an ordinary construction job" The authors thought that
the 1ikely reason for the benefíciar effect of revibration
on the cr:mpressive strength might be due to the reduction
of voids within the concre:e as the mass tends to settLe"
2"9 Low llregqgrg Stearn Cur _ne"

As mentioned in rlhapter ru steam cur:Lng of pre-
cast concrete products at .10w (or atmospheric) pressure is
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a widely prevalent pract

main advantages of usíng

pressure steam curing as

as follows:

(e)

ice in the pre-cast industry, The

curing as suchu and Ín using 1ow

against other typesu may be cited

(a) Curing accelerates the strength development of
concrete" Early high strength facilitates
stripping and handling of the products.

(b) These products can be put to use at an earlier
age due to the hieh strength attained"

( c ) The products can be deLivered quickly after
manufacture r and storage space requirernent can

be reduced.

(d) For a given facility, a greater volume of
products can br: manufactured and in a shorter

(f)

time"

Moulds., patlets, casting beds and forms reþresent

a major portion of the large capital investments

in pre-casting plants, Their more frequent use

represents efficiency and economy of production

and consequently a better return on the capital
outlay"

Low pressure s1;eam curing may be used in an

intermittent ol continuous process whereas high

pressure steam curing is suited to intermittent

production only"
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The ste¿:,m chamber fr¡r low prerisure crrring may be

an orclinary box, or roorne or a tunnel with

tarpaulin flapr; at each end, or the forms them-

selves may be <:nclosed by tarpauLins and steam

introduced under them¡ the necessity of pressure

chambers or autoclaves is eliminated"

Steam heats the products evenly although there may

be only a small gap between adjacent units, some-

thing that cannot be achieved by radiant or dry

heat,

Heat is mainly transferred to the units

condensation and the release of latent
Condensation ensures even moist curin¿ç,

lacking in dry heat.

Liehter coloure:11 products are obtained

curing which h¿r.ve a pleasing appearance

The main stagerì in a steam curing cycle

by

heat 
"

which is

with steam

are as

follows

(a) Presteam Periocì_¡ After the completion of casting

operationsu concrete should be allowed to hydrate at normal

temperatures ( ZO - 90oF) for a short length of time before

being subjected to steam curing. fhis delay of I to ? hoursu

depending on the type of operation, befor.e exposure to steamu

is calted the presteam pe riod. Experience has shown that a

reasonable presteam peric d is very Ímportant for proper
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strength deveropment, anil a very short or complete

absence of presteam perrod is injurious to concreteo Each

steam curing cycle probabry has an optimum presteam period
beiow which the strength of concrete decreases and above

which benefits are smarl- conpared to the delay invorved and

theref ore íncreas in65ly uneconomical 
"

Hanson 
( 2 ) 

"or'rarcted a comprehens ive investigat ion
into stearn curing using a fixed }B-hour cycre which had to
accommodate both the pre-steam and steaming periods " Thus

an increase in the pre-steam period caused a proportionate
decrease in the steam curing period. He found that the rg-
hour strength of his specimens increased with an increase in
the presteam period from I to J hours u after which the early
strength showed a consistent decrease; this decrease was due

to the effect of shorter steam curíng periods left over in
the fixed time cycle" The ?-and 28-day curves exhibit a

characteristic s-shape reaching a maximum strength for 5 to
7 hours of presteaming, with only r hour of presteami-ng,

cracking and severe strength reductions were experienced.

Hanson concl-uded that a prestearning period of about 5 hours

produced maximum strength at arl ages" This also introduced
economies in plant operation due to the reratively short
period useo for steam cur.ing.

Shideter(28)reported the presence of circum-

ferentiar cracking and swelring in concrete cyrinders
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subjected to early steam curing and a rapid rise irr

temperature" His results indicated 3 hours as being the

best presteaming period"

the f indings of Merritt and. Johnso,'r(34)"." aJso

in close agreement with those of Hanson" They observed that

higher steam curing temperatures require longer delay

periods to produce maximum strength.

Tests by various researchers on concrete block

also generally showed strength red.uctions and evidence of

fine cracks due to too early applications of steam"

(b) Temperature Rise Period" Starting with the first
introduction of steam to concreteu thÍs period extends to

the tinre that the concrete reaches the maximum specified

temperature. This reaIIy determines the rate of temperature

rise in concrete durin6ç the curing operationn which al-so has

a great bearing on the strength and stress properti.es of

steam curecl concrete proclucts" The rate of temperature rise
is generally restricted to ?0 - 60oF per hour, and the

temperature rise period generally extends from I to 6 hours.

Length of presteam period and rate of temperature

rise are inter-related, Very small presteam periods are

requireci for low rates of temperature rise ( less than 2OoF

per hour') while longer delay periods are desirable for high

rates of temperature rise (óOoF per hour). Lower rates are

generally favoured since there is less risk of injury to
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concrete and smarler cap¿rcity boilers are required.

H"rr=o.,( 2) ,"commends a ternperature-rise rate of
4oor/ hour for best resurts" His investigations reveared

serious darnage to specirnens with rates in excess of 4ooF per

hour with presteam periods of less than J hours u but onry

slight reduction in strength in the case of presteaning

periods extended to I hours or more.

(c) Period at Maximum Temperatures This is the period

duríng which the maximum specified temperature for curing

purposes is maintained at a constant level" This is also

the period during which the major strength development of
the curing concrete takes place, A wide range of maximum

ternperatures can be used, varying between Il0 and 2l.2oP, but

these have to correspond to appropriate presteam and

temperature rise periods,

Hanson(2)concluded that compressive strengths

irnprove rapidly as the ma.ximum temperature increases to

about I5OoF, with only a mod.erate additional advanta6re

gained by using temperatures higher than l50oF. The gain

in strength by using a maximum ternperature of L?5oF with

type I cement and temperature rise rate of 4OoF per hour

was oniy about 5,4o more than using maximum ternperature of
o

L50 Fu Even lesser increases were recorded for temperature

rise of zoor/nour and for type III cement,
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results

with I30

chamberrin concruded ihat t650r produced optimum

with strengths slightly higher than those obtained
o F at early ages and equal strength at later aéIes,

iUost investigators found the range t50o - tBOo¡'

for maximum temperature as yielding the best results,
(d) Soakíng Períodr This period is usually in l_ieu

of the maximum temperature period, although it may some-

times be used in conjunction with it" In this period, the

product being cured is brought up to the maximum temperature

when the supply of steam is cut off, and the product is

subsequently allowed to soak in the residua] heat and

moisture of the stearning chamber" This is more commonly

used in the manufacture of concrete masonry block"

The ultimate compressive strength of steam cured

concrete is not as great as that of concrete continuously
(1)

rnoÍst cured at lower temperature . Therefore the

acceleratíon of early strength is achieved at the expense

of some potential d.evelopment in compressive strength, This

is the finding of most investigators Iike SauI(3f),

shideler (28), Higginso,',(13), Hanson(2) etu â1o

Saul suggested that the reason for this was that

high ternperature curing caused an impermeable coating to

develop around tricalcium silicate (cls) grains which

inhibited further hydration" Such a coating develops when

'$ A hydrates in the presence of insuff icient amounts of
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calcium sulphate (gypsum)" Higher temperatures tend to
accelerate the hydration of CrA at the sarrìe time as

diminishing the solubility of gypsum"

Lea and Desch('4)n*,r" also shown that hydration

products of cernent are somewhat different when obtained. at

elevated temperatures than at normal temperatureu which

could account for the loss in ultimate strength" However

the reaction raies of aII the compounds are greatly

accelerated by high temperatures and this accounts for the

increase in early strengtho

2,L0 Combined Vibfation and Steam Curing,

1o this author's knowledgeu no research has been

done on concrete subjected to a combination of revibration
and steam curings or even vibration and steam curing"

However a paper pubJ-ished in Russia came to the

author's attention which dealt with the effect of vibration
and dry heat on the strength of concrete,

Mironov(t2)etn âI" in their paper: "High Strength

Concrete Subjected to Vibratory RoIling and îhermal

Treatrnent" (translated from Russian) describe their tests on

concretes using various t¡rpes of Russian cemernts to determine

the possibifity and optimum conditions for the manufacture

of thin-walled and reinforced panels by means of vibration.

The test specimens were in the form of cubes made

from concrete with different rnixes and water/cement ratios.



)7
'rhe batches were vi¡rateo on tabres at looou ó000 and i.2,000

vib"/min" with corresponding arnplitudes of 0"35, O,Zj and

0"08 mmo The sampres were put in a heating chamber in 3

rows, each row subjected to a different frequency of
vibration, Rubberspacers were used between rowsu with t0-rj
kg" weights placed on the uppermost specimensu

The specimens were heated at IOOoC for j hours u

It appears sorne sort of dry heat was used; either radiant

heat or hot plates under the specimens may have been

ernployed 
"

Samples made with cement and sand were strongest

when vibrated al a frequency of 3000 vib" /mln" o less so at

óOOO vib "/min" and least at 12,0OO vib./min. In samples

made with chip gravelu highest strength was obtained with

6oOo vib./min", iess with 3000, and least with t2,O0O vlb"/
min, The.sand-cenrent cubes víbrated at 6OOO and 12o0OO viio,/
min" showed presence of oriented micro-cracksu which

probably accounts for their lower strengths" The authors

recornmended that for the production of reínforced panels by

vibration, cement ¡ sand. mixes of Le2o high early strength

cement and large grained sands (fineness modulus not less

than 2) should be used with 2 hours heating at 1o0o0.



CHAPTER III

TEST MATERIALS AND EQUIPIVIENT

The choice of rnaterials for this investigation

was restricted to their local and ready availabilityu as

this must ultimately be the criterion in a cost conscious

and competitive industry; their suitability, of course is
a prime requisite.

The choice of equipment was greatly limited by

the lack of fund.s in an unsponsored investigation of this
nature; thus the equipment actually used was restricted to

what was alread.y instatled in the concrete Laboratory at the

University of Manitoba and that obtainable on loan from

other departments, This was not an ideal situationn or even

a satisfactory on€e because much of the equipment was in

constant demand by others during the normal working hor.lrs

of the Laboratorieso and the use of equipment for this
investigation had to be restricted to breaks during the

work periods or to time outside of normal working hours"

)B
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J"l M4tqrlals u qql -ln_Igyggt j gat iqn 
"

(a) Cement. As mentioned earlieru this thesis

is concerned with the investigation of concrete made with

normal Portland cement onlyo The cement was very kindly

supplied by Canàda Cement Company Limíted from their plant

at Fort Whytec Manitoba"

The preliminary investigation was conducted

using cement from the standard B?å pound paper bags already

in stock at the laboratory and presumably in storage for
some time" However all the finat testing rvas done usÍng

batches of fresh cement obtained dÍrectly from the Fort

Whyte plant, The characteristics of the cement as given

in the mil} test report are as follows¡
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CEMENT ]\J'IlLL TEST

a" ) Chemical Analysis

Insoluble Residue

Si 02 (Silica)

ALz 0l (Rlumina)

Fe2 OJ ( Iron)

lotal Lime (CaO¡

Free Lime

Combined Lime

Mgo

s03

Is'nition Loss

b. ) þtential Compoun¿s

cl+AF

c-in

cjs

l, ¿'ù

CaSO4

( calculated )

Total

o.29

20, 5+

5,89

2,66

6J.l?

o,?4

62"44

2.64

?_,70

r. ?4

99 .34

8.L%

11. I
l+g 

"L

21" 1

l+,6
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c" ) Physical lests

F'ineness_ ( Splcif ic Surface )
sq. cm"/grr,"

BIaine

Wagner 
:

200 r,lesh sieve (per cent

j?-J mesh sieve (per cent

Autoclave Expansion (Per

Setting Times (Vicat)

Initial (hrs rnin)

Final ( hrs ; min )

Tens ile _Sggelgth - PS i "

J-day
?-day

?.8 - day

pass ing)

pass ing)

eent )

llro
r 700

9? .6

92, 5

0.2L

2s 50

4c50

3L5

45
510

Compressive Streng-t¡ - PSi"

3-dav
7-day

28 - day

25Jo

3Bro

527o

ttí-uirtvc-@

tF n4ÅtìU-ûüÂ

{/,t¡¡¡,irr-us
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( b ) Fine A."qgrqgat e " The sand const itut ing the

fine aggregate in the concretee was obtained from a local

source knourn as Birdus Hitl" This was storerl inside the

Iaboratoryu in an enclosed space wel-I protected from

weather or contamination, and only the top layer was

exposed to the somewhat drying influence of the Laboratory

atmosphere. Thus although initially much of tþe sand used

was completely dry as obtained from the top layers which

had had 2l+-48 hours time to dry out between succêssive

batches" the volume of sand. required subsequently due to

more frequent mixing necessitated the use of the relatively

moister layers which in themselves were quite unifonn in

moisture content" Thus adjustments had to be made in the

calculation of W/C ratios of some batches which resulted in

U{/Ç ratios not originally planned to be investigated"

The following propertÍes characterize the

Bird's H1II sand used in this investigationo

Fineness Modulus ¡

Moisture Content ¡

(per cent)

24 hour Absorption: I"6
( percent )

Specific GravitYr

2"7L to 2,77 
"

0o for dried out top laYers"

2"4, maximum for moist laYers
underneath"

2" 5? ( oven dry) 
"

2"60 (Saturated surface dry)"

2'6) (Apparent).
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TABLE III

SIEVE AI\ALYS]S: BIRD,S H]LL SAND

Sieve No" Percent Passing Percent Retained
Cumulative

97

B? L3

IB 6g 3L

5L4gl0
8rr950

100 96

Fineness Modulus of Sarnple I 2"75

(c) Cparse Aggregate" Crushed limestone, 3/4*

size, angular and somewhat dusty in appearance, was used,

throughout these series as coarse aggregate in the concrete"

It was the type commonly used locally for this purpose"

This aggregate was also stored inside the laboratory under

practically perfect conditions" The aggregate was dry and

quite uniforrn in gradation and the following reoresent its
typical charaeteristics :

Fineness ModuLusr 1"84.

Moisture Contentu
(percent): 0 for dried out t'op layers"

0"Ì for moist layers
underneath

24 horrr Absorption,
(percent) ¡ A"9

Specific Gravityr 2,63 (oven dry)

'¿:23 [ffi;r;a*lÎ" 
tu*t"ce Drv) 

"
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TABLE IV

SIEVE ANALYSIS â J/4'' CRUSHED LIMESTONE

Sieve No. Percent Passing Percent Retained
Cumulative

L/z* roo

3/4" 95

i/8" I8 8?,

97f+

Finess Modulus of Sample t I. 84

(d) qa-qg.f, Clean and potable water drawn from

the University water majns g.rl used through out these

series for rnixing concreteu A special l-iine was provided

specifically for this purpose, and a meter and valve

arrangement was incorporated as part of the concrete mixer.

(e) Cappine IVaterials" The material used for

capping the cylinders fcr compression tests was mostly

sulphur as recommended by A.S:T'Mu Specificationc CL/T-L+?T,

although a proprietary trlack compound specif ically

manufactured for capping had to be used when the stock of

sulphur in'the laboratory was occasionally exhausted"
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j"2 Equjpment Used In Investi.gation"

(a) Concrete lflixeru A f ixed batch mlxer of the

non-tilting type installed in the concrete laboratory,

University of Manitoba, was used through-out this investi-
gation for mixing concrete" (See Fig"2) ffre drum rotates

about a vertical axis and the blades rotate similarly but

in a counter direction" This ensures adequate and efficient
mixing of the ingredientso A charging bucket runs up

inclined guides to deposit the charge into the drum¡ this
arcangement permits the bucket to be charged at ground

level" Mixing water could be introduced directly into the

drum through a pipe provided for this purpose and connected

to a meter and valveu but this was bypassed in the actual

mixing operations to prevent mishaps, and instead the water

was metered out into a pail and poured rnanually into the

drum. The discharge mechanism consists of a movable plate

approximately J-2" in diameter located in the centre of the

drum bottom and a system of gea::s and levers actuated by a

handle that adjust the angle of the fixed blade in the drum

and rnove the bottom plate for discharge of the concrete.

During no¡rnal mixing operations the movable plate lies

flush with the drum bottom.

A wheelbamow was used to receive the discharging

concreteu the maxinum vertical drop of concrete being 2f

feet. The rated capacity of the mixer is ?"5 ctt" ft" The
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Fig. 2 
"

Drurn rnixer lvith r,vheel-barrow in
posi.tion to rece j-ve di.sr:ha::'ging
concrete.

charging and mixing operations of the rnixer v,relre for:-nd to

be quite sati.sfac-bory although the dischar:ging operation

was for,rnd to be somewhat deficient¡ a thin ]-ayer of moi:-tar

tended to be l-eft sticki.ng to the bo-l,-bonr af the drtlm afier

the discharge" AIso clu.ring the init-i.at v¡etting of the drunl

and blades befo::e the char.'ging operatj.ono Some v¿ater 
"^¡as
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retained at the bottom, and had to be mopped üp"

bottom might have solvecl this problem"

A sloping

(b) SeaLes" Two platform scales were used for
weighing out calculated quantities of coarse and. fine
aggregates and cement; tare weights of the containers for
these materiars were arso ta-ken into account" The scares

were properly adjusted initially to eIíminate zero errore

A metering device was used to obtain the required quantity

of water and this was initially checked against one of the

seales o

(c) Mou1ds" Heavy steel moulds were used to

cast Standard 6 x L? inch cylinders to test the compressi'.re

streng'ch of concrete" The moulds were fabricated from steel

tubes with 5/L6* wall thicknesso split along one side and

provided with bolts and wing nuts to close the split well

enough to prevent any moitar loss" Provision was also made

to secure botton plates to the moulds o with the contact

surfaces machined to ensure water-tightnessn Mineral oil
was used to coat the inner surfaces of the rnoulds before

pouring concreie.

It was intended to mix two identical batches of

concrete every timee one for early strength tests (IB - 22

hours), and the other for 3-day orlaterstrength tests, for
each of 3 variables involved plus the control specimens"

Three test specimens for each variable were to be madeu thus
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the total number of cylinders required at a time was 24

but since only 18 steel mould.s were availableu the çontrol
sDecimens had to be cast in standard cardboard moulds whieh

were plentifully available in the laboratory" These were

however completely unsuitable for repeated vibrations or
steam curlng. The cardboard was coated with wax and the

moulds were completely waterproof,

To determine the extent of variation in the

diameters of the test cylinders, a test batch consisting of
six sets of I specimens each (i"e" a total of I8 cylinders)
was subjected to careful measurements with the help of a

pair of calipers and a steel scale" Readings were taken

at three locations near the topu middle and bottorn of each

specimen, with two readings at right angles to each other

at each location, The following table0 summerrzes the

result ¡
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D IAiUETtÎRS OF CONCRET'E
OF VARIATION OF CRO:;S

TABI,E V

,IEST CYI,TNDERS
SECTIONAL ARÐA

ANÏ] PARCENTAGE
F'ROM STANT)ARD.

.-gi $JoÉ
oN.¡
Pcooc).Å ae

P
d¡D."1(/](d
fuoo)ñ tr t-{>()<

oz
P
I<
0)
d..ñ
CJPo)opcn (n

õ
o
a

õ
.-l

o
E

> Ul r-l
dhr dvË C..rt O C
C .õ .rl.ri
.FI(c P.o o
l.{ l.{ O (tO U)U)
+JXO..1 ttÊu (r)dd oo).rr+r þ !âo cJ<

Cardboard (1
(z
(3

6. oo zB, j
6,oo 28,j
6, oo ?8.3

0

0

c)

Cardboard B (I)
(2)
(l)

6. oo
5,99
5,99

28.3
28,2
28"2

0
-0"35
-0,35

SteeI (r)
(2)
3)

5.99
6, oo
6. oz

28 .2
28 "3
28 ,4

-0,35
0

+o"35
Steel D (r)

(2)
(3)

5 "gB
6"oo
6,oj

28, r
28 ,3
28. 5

-0.7
0

,þ0,7
Steel E 11)--" oo 28.)

28,4
28.2

0

+0 "35
-0 ")5

(?) 6,oz
( Ð 5,gg

SteeI (r)
(2)
(3)

6. oo
6,oj
6,oz

28 ")
28. 5

28 .4

0

+0 ,7
+o,35
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Thus the maximum variation in the croes-sectional area of

a specimen amounted to 0"?%, as cornpared to the specified

standard cylinder having a 6" diameter. If this variation

were overlookedu it would introduce a proportional error

in the strength of a Specimen¡ a maximum error of the order

of O"?/o for a specimen and 0,35% for a set in the strength

calculations is obviously insignificant when considering

the appreciable variation that norrnally occurs due to a 
:

host of other factors in the streneth tests for concreteu

Hence alt concrete specimens were assumed to have a

dianeter of 6o'o and their strengths were calculated on this

basis during the present investigation"

(d) Vibrating Tables, Two box-shaped vibrating

forms, (see Fig" 3) installed in the concrete }aboratory,

University of l{anitobau and used for castin6S reinforced

concrete beams for flexure teSts were adapted as table

vibrators for the purpose of this investigation" boxes

have an open top and removable síde plates'

They are I5'o deepu p[ wid'e and have an overall

Iength of B o - O,o , Each is mounted on four heavy springs

anchored to bed plates cast in the foundations" The

vibra.tinge}ementsconsistoftwolongsteelshaftswith

eccentrically mounted weights' and rotated by a motor

throughV-beltsandpullêVs"Theshaftsal:emountedon

the underside of the tables anci the eccentrie wei'ghts are



so adjusted that

horizontal Plane

plane. thus the

they counteract their

but act simultaneouslY

tables vibrate onIY in

5L

effects in the

in the vertical

the vertical oiane"

Fig. )

Two sets of three cylinders each could be

vibrated aL a time in either of the vibrating tables" The

moulds were placed inside the box in sets on either side of

the vibrating table. The moulds rested on top of three

layers of plywood. pieces cut to size. A 2" x 2'o timber

piece Z, - (n long was placed along the top edges of a set

of rnor.rl.ds and. pressed down firmly with the help of 2 cross

pieces made of heavy angle-sections and clamped down to the

Vibrating iables used for initial
eonpaction of test cylinders as well
as revibration.
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top edge'aneles of the vibrating form by four heavy duty

C-clamps. This arrangement (see Fis" 4) proved quite
satisfactory in keeping the moul-ds fixed to the vibrating
tables during initial vibration at the time of casting,
and for revibration. occasionalry the cramps worked roose,

especially during proronged periods of revibrati-onu and the
pieces had to be re-arranged. anri the cl-amÞs secured more

t ightly.

C.0,0Ss ptE-CL LAlr¡(rLE sËc¡¡ohù)

G- CLAMP

2'uZ" Ttei&Ee. prEce

ê,,^12,, sTEeL MoULb

V{A,€.ATINó TABLF, WALL

z- STlrpE ue¿.

SPp.tNGS

Så+ApTs t^¡t¡t4 ECceNrP.Je
WE IÔFITS

Fig" 4 Arrangement used to fix steel
moulds to vibrating table,
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The Westinghouse motoru installed for operating

vibrating tabies, had the followillg specification shorrn

the identification Plate:-
H"P. = 5i Phase = 3u Cyc1es = 60, Volts = 205/220/240

Amps = L3,9/L3.2/6,6; RPI'{ = 3500"

Equiprnent used to evaluate the frequencyr

amplitud.e and acceleration of the vibrating tables consisted

essentially of a Cisplacement transducer, a DoC. battery and

a cathod.e ray oscilloscope. (see Fig. 5 and Fig. 6)

Fig. 5, General arrangement of ecluipment
used to determine frequency, amplitude
and acceleration of vibrating tables.
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Fig. 6 Detail showing transducer positioned
rãt-iãi.1ng diãplacement readings'

Thesetu.owesinitiallycalibratedtodeterminethe

oscilloscopecorrstantscorrespondingtoaknowndisplace.
mentoftLretransducershaftasshownbyadialgauge"

Thesewerethenusedtocalcu}atethefrequency,amplitucie

ancaccelerationofthevibratingtablesal-threedifferent

locations each, for various cond'itions of loads during

vibration.Thiswasdoneusingcharacteristics.ofthe

waveformsasregisteredontheoscilloscopescreen'Îhe

wave forrns ,rvere also record.ed photographicatly with the

he}pofaPo]-aroidLandcamera;atxPicalresultisshov¡n

inFig.T.Theload.sconsistedof2setsof]mouldseacho

fui}offreshconcreteand'designatedasAandB.LoadA

wastheoneÐositionedontheteft-handsideofthe
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vibrating tables, and Load B was that positioned on the

right hand side. concrete with typical- mÍx proportions as

used for batches with a 0.þ water -cement ratio was

utirized for these tests" The nearside vibrating table was

designated No" r and the farsid.e No" rr, the result obtained

can be summarised as shown in Table Vf"

TABLE VI

AMPLITUDE OF VIBRATING TABLES AT THREE
LOCATIONS UNDER VARYING LOAD CONDITIONS.

Load Condition Vibrating Table
No.

Ampl itude u

Left S'ideìCenïie
]-ns.
Right Sid

0"028

I
I

I

I
2

tal.)
I

l4J--lcl¿
I

BothA&B
Load A only

j Load B only

No ],oad

No Load

i0"031

0. 028
_rt"

j o"ore

I i0,028 10"03¿þ

r 
i 
0,023 io.o32

r i0"028 0,025
I

-.-_l
0.034 I

-__t0.023 
i___--l

o "Q32 I

0"036
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(a) Wave forrn corresponCing
to vibration of right
side of table, Load
Condition No" 2u Tabl-e VI'

(b) lrlave form corresponding
to vibration at centre
of table, Load Condition
No. 2, Table VI"

Characteristics of

lrequency

Minimum Acceleration

Maximu.m Accelerat ion

Fis. ? ?:3il3"::;ï:Tå:"ä";;
oscilloscope screen
due to operation of
vibrating table No. I.

Vibrating Tables I and fI:

30OO vibrations/min.

6gu

=9go
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It appears that when both A & B loads are use<l u

the arnplitrrde of vibratíon is maximum in the centre. This

is probably due to the fact that since the vibratinq tables

are supported at the ends, the middle undersoes extra

flexural deflection caused by the loads and their inertial

momentum during vibration, When a load is placed on one

side only, it seems to have a dampening effÌect on the loacied

encl; consequent-Ly the mas.nitude of vibratj.on is less on that

encl anci more on the unloaded end" This also results in

uneven vibration of the table.

Generally speakingu both the vibrating tables

appeared to behave similarly during oneration anrl maintained

a fairly constant frequency of 3000 vibrations/minute" The

vibrating tr.bles were fabricateci in a way that neit,her the

freq'rôney nor the amcl j tr¡rÌe of vihration could be changerì

: eadiIy. Hence this eonstitut,ed another eonstant dur jng

th j s investigat:.on, The va]ues of the frequency and

arnpljtrlrie are such that they seem to be ideal for this type

of set up as recommendecl by various investigators in this ' ì

fierct (?), (1r),(15)"

(e) Steq¡q Cg¡À!e--q¡gg!" Certain sets of test

specirnens were required to be subjected to low pre5sure

steam euring and this was carried out eithel' in the

vibrating table forrns or jn a wooden stearn cu-jng chest

specificalty rigged up for this purposee
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Víbrating Tabl-e f I was Iined with a special pplytherie

sheet ancl the specirnens that required low pressure steam

curing and delayed revibration were placed on 3 layers of
plywood and clanped firmly in placeu More polythene

sheeting was draped over the vibrating table forms to

provide an enclosure for steam curing of the specimens" An

outlet to drain the water due to steam condensationn and a

steam hose to introduce the steam into the enclosure

completed this set uPo This obviated the need for
removing the specimens from the steam chest and transferring

thern to the vibrating table everytime the specimens needed

to be revibrated according to schedule"

The wooden steam cheste measuring 4n - $n by 4' - 6"

in plan and, Iu-6'o highe was essentially an open top shallow

box covered with 2 layers of thick polythene. Enough

openings were provided at the botton to drain the condensa-

tion readily and a steam-hose provided an inlet for the

steamu The steam chest could accomodate a maximum of 16

cylinders at a time for low pressure steam curing of the

concrete specimenso

Both the steam enclosures were crude and unsatisfactoryu

and needed constant attention in order to regulate the

desired ternperature rise of 4OoF per hour arrd maintain the

planned maximum temperature of I50oF di¡ring the t3 hour

steam curing perioci. Valves were provided on each of the
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steam IÍnes and these had to be constantly ad justed; al-so

the dissimiliar characteristics of the wooden steam chest

and the steel vibrating florm made things more difficult

because different adjustrnents were needed for eacho

Although the ideal conditions of temperature rise and

maximum temperrature were seldom reproduced by the amange-

rnents deseribed above, it was felt that the discrepancy in

rnost cases was not too drastic"

Constantine-iron therrno-couples were used to

monitor"the temperatures in the cylinders subjected to

steam curing" These were embedcied in two cylinders during

the casting operationse one in a specimen to be subjected

to steam curing and another in a specimen to be subjected

to steam curing and delayed revibration, A similar junction,

kept constantly immersed in rnelting ice at a known standard
o

temperature of 32-F was used to complete the circuit as

shown diagramatically in Fig" 8; the cument generated was

measured in mill i-volts by the potentiometer.
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bLALF-2 CONTAININ6

tu\rLl tN(1 ICL ßZ'r)

POTTNTtoMTIEP.

-Tlt LZ rvlOcOUpLL
JUNCTIoå_.!

c0NcPrT¿ cYLtuDt,¿

Fig" B Arra.ngement used for deterrnining
temperature inside a concrete cylinder.

The temperatu:le of the specimen was deterrnined

from a chart showing va-iues of temperatures corresponding

to values of current in 'milllvolts as recorded by the

potentiometer. The set up was initially celibrated using

known temperatures of the hot junction"

During preliminary investigations, a batch of
test specimens subjecteo to curing in the steam chest wab

closety monitored to determine the ease and extent to which

the temperature rise cou.Id be controlled ancì the maximum

temperature maintainêd"

The following table shows the results of this

trial c
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TABLE

TEI4PERATURE RECORD 01.'
CYLINDER SUBJECTED TO

VII

A STANDARD CONCRETE
STEAiVI CURING.

Time Sequence Ideal Temperature
Required ( oF)

Actual Temperature
Recorded i ¿rn)

At start of
steaming 72

after 0 hr"-lJ min" 82 82

0-)o 9z 91

I LL2 L26

I -L5 L22 L34

1-J0 L)2 140

r-45 L42 tu6

2- I50 L5L

3- L50 L52

L2-+5 150 L53

L3 L50 150
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The desired icleal- was a temperature rise of 4OoF/hr" up to

a rnaximum of l5ooF, which was to be maintained for the rest

of the steam curing period of L3 hours" This is in

accorclance with the recommendations of Hanson in his paper

(2 ) ouoptimurn Steam Curing Procedure in Precasting Plants'o.

As evident from Table VII, the actual behavior of temperature

rise and maximum reached d.iffered from the planned ideal'

in spite of constant adjustments of the valve controlling

the entry of steam" The following were the probable

reasons¡ (a) Since the thermocouple junction was embedded

approximately in the centre of the concrete cylinderu a

time-Iag took place before the effect of any adjustment of

the anbient temperature could be registered at its core'

Thus any tendency to exceed or fall Short of a desired

value could not be corrected until the error had been

tough corrective adjustment hadregistered; also whether enough correctf

been made could not be ascertained until the situation had

stabalized, (b) ffre steam ehest was not very wel"I insulated

and therefore subject to external conditions which were

somewhat changeable and not subject to immediate control"

(c) The Source of steam supply was a centralized steam

generating plant for the whole University Campuse located

quite far from the concrete laboratory" The long distance

involved and the low pro<iuction of steam due to a greatly

reduced demand at night, when most of the steam curing
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process had to'be scheduled, caused a somewhat erratic

supply of steam in the concrete laboratory, (d) The

error was compoundecl by the fact that part of the tempera-;ure

recorded was due to heat evolved during chemical reactions

of setting cement, the magnitude of which was unknown"

An attempt was made specifically to determine

whether the presence of thermocouple wires in a test
specimenc or its proxirnity to the steam inlet affected its
compressive strength in any way. Five different ba-tches

idere cast, all with 0.4 water/cenent ratios and L""4 cement/

aggregate ratios but with varying percentages of sand in

the aggregateu as part of the preliminary investi.gations"

Therrnc¡couple junctions were embedcled in one specimen each,

from the three different setsu and the specimens were

arranged in the steam chest as shown in Fig. g. The sets

are indicateci by letters A, B, C, D, & E, and the specimens

in each set are identified by the numbers 1, 2 & 3,
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THLLtvI}C,jUPLL
ì^ltp.€,s(ft.F

% Sand in
Aggregate

ALB

4g

50

5L

5z

TABLE VIII
7 DAY CO]VIPRESSIVE STRENGTH OF CONCRETE CYI,INDERS

--l

Fig. 9 Arrangement of test cylinders in
steam chest during steam curing
periocl 

"

No I strenstn of Specimen"Þ<\ i- - --r-l %s'i"im;r-'rsr i

P.ETL
¿YL'LIDL¿ (TVT)

STEAM C,FIÐST

STÐAM H0s¿

Average i

Strensth, PSI 
i

6640

6550

Ø5o

586o

6o6o

A

B

D

E

6630x

ó860

6too

58go

6rþo

6550

6 5zo

6690x

5850

5940

674o

6z?o

6z?o

58 50

6100*

O*,-Ð(Ð@
oÐotifrc

(* Indicate specimens with the¡rnocouple wires)"
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t'rom the above results, it can be concluded that no gain

in strength is necessar i ly involved ciue to the presence

of thermocouple wires in the test specimens; this was borne

out by a similar review of the results of other batches

also"(411 such specimens in the final investigation have

been marked)" A similar conclusion can be arrived at with

regard to the proximity of the spêcimens to the steam inLei¡

no definite pattern is indicated in the strength of specirnens

nearest to the steam in.l-et when compared to the strengths of

the other specimens in lhe same set. Thus these factors

were ignored when comparing the results of cylinder tests

in this investigation"
(f) Fog Cürins Room" A fog curing room was

provided adjaeent to the concrete laboratoryu for moist

curing of concrete test specimens" The room measures

approximately 100*0'ix 6'-0" by 100-0" high and has slatted

wooden racks fOr storinq srnall test specimens, It provides

LOO4ø humidity in accordance with the requirements of AuSnToM"

specif ication¡ CL9?-4?'f . Due to the limited storage

avail-able and the demands of other users of the laboratory,

many test specimens for this investigation had to be moved

out much before their scheduled testing tirne and stored in

the open laboratory" Whenever this was necessitated, sets

representing different variab.les were moved out of the

humidity room as a batchs so that all the sets in a batch
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would be subjected to the same tyr-,e of cond jtions" Thus

although storapçe conditions were uniform for specimens of
the same batch, they were not necessarily uniform from

batch to batch in the same series

(s) Cappins Stand" The jig used for capping

test cylinders was a simple device consisting of a base-

plate and a vertical zuide weldeci to it" the base-plate

had a shal.Iow tapering recess with a machined bottom to

act as a mould for the sulphur cap, A standard concrete

cylinder when butted against the vertical giide was easily
centered over the recess with its axis at right angles to

the plane of the bottom machined surface, The recess was

coated with oil to prevent the sulphur cap from adhering

to it. This arcangement was quite satisfactory except

when air bubbles were trapped under the concrete cylinder

while being lowered into the molten sulphur in the moul,d;

the air bubbles caused cap failure during }oading of the

cylincler and the results obtained for such specimens were

invar-iably lower than other specimens in the same set with

non-defective caps ø

(h) Testing lllachine" A Forney Testing Maehineu

capacity 3OO,O0O lbu, was used throughout for determining

the crushing strength of the concrete cylinders cast

during this investigation. Each cylinder was placed on

the lower movable platen (see Fig, f0) anrl the load applied
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hydrau.lically; the u.pper platen vras sphez'icatl-y seated"

Tv¡o dial gauges weÍ'e pr"ovided io register the ioacls, oi'ìe

for a }or,v range of v¿rlues arrd the othe:: for a higher: rangee

anC each equipped v¡iLh a ctummy po-inter to indj.cate the

max-imum Ioad reacjrerl,

Fig" 10

The desigrr and operation of the rnachi-ne confortned to

A"S,ToM. Speci,f ica.tions z C39-44 and E{', The rnachine

\^ias usuall-y operaied to give a uniform r.a.te of loading of
approxirnately 40 PSI/Sec,

t
b
ôo

nd

Forney Testin
cornpress ion t
Concrete CyIi

used for
anclard

l/ï
L
L

6

{1,rV
l.j:.,.:all;

.ft'::.1!&.

ach
SO
IÞ¡



CHAPTER IV

TEST PROCEDURES

The procedures used in this investigation were

based on curren-r, good practice in mixing and placing of

concrete and on the findings and recommendations of

researchers(I) (?r) (?) (8) with regard to specialized
processes that have not yet been universally adopted by

the industry, The objective was to obtain consistent ar¡d

accurate values, and thus to provide a fair basis for
comparison ancl analysis of results, Ready and uniforrn

availability of specified materials, and availability for
use and reliable performance of equipment installed in the

laboratory were presumed when formuLating these procedures¡

unforseen circurnstances, however, subsequently necessitated

sorne rcodifications,

4,1 Outline. Cf lest Programme

An investigation of this nature involves a

fornidable number of variables and their cornbinations, and

to research arr of them fully wourd be practically impossible.

-68
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In order to brins the task within manageable proportions,

ob jectives had to be def ined, guicielines established, and

suitable restrictions imposed" To give an idea of the

vast number of variables involved., some of the important

ones are enumerated belowc

(a) Type of cementu

(b) Type of admixtures, if âilV, and their combinations"

(c) Type and grading of coarse aggregate.

(d) Type and grading of fine aggregate,

( e ) Water-cement ratios (W/c ratios ) "

( f) Cement-aggregate ratios (C/l ratios),
( g) Fine aggregate/coarse a6g6rregate ratios o

( h ) Spec if ied strength require¡nents o

( i) Specified slump requirementsu

( j ) Mixing and casting procedures"

(k) Moist curing procedures.

(I) Type of' strength testsr Tensile, compressiveu shear etc"

(n) Various other characteristic requirementss creep,

shrinkageo modulus of elasticity, durability, etc.

(n) Type of steam curingr low pressure or higho

(o) Presteaming perioris and <iuration of steam curing.

(p) Temperature rise rate and maximum temperatures¡

(q) Alternative t¡pes of heat treatment.

( r ) Arnpl i.tude , frequency and accelerat ion of vibrations,
(s) Periodicity and duration of vibrationso
(t) Numerous combinations of the foregoing,
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As mentioned in the introductory paragraph of
chapter Irr, sone of the restrictions imposed on this
investigation were due to the availabirity of specific
types of materiars in the rocarity, and of the equipment

atready instarred in the laboratory" To rimit the scope

of this investigation, the forrowing specifications were

observed ¡ -
r" Normar Portland cement as specifiecl in section 3.1 (a),

Chapter III.
2o No admixtures to be used in the concrete.

)" Type and grading of fine aggregate as specified Ín
Section j"1 (b), Chapter III.

4" Type and grading of coarse aggregate as specified in
Section J.I (e), Chapter IfI.

5" Mix proportions as specified ín Section 4.9,
6. Mixing and casting procedures as specified in section

4'3 
"

7, Low pressure steam curing as specified in seetion u,s"
8, Vibrating equipment as specified in Chapter fIï,

Section J"2 (d), with frequencyo amplitude and

acceleration of vibration constartt o

g' Testing equipment as specified in chapter rrr, section

3"? (h) 
"

10. Test procedure as specífied in Section 4,?"
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3"

4"

The following varÍables were considered for
ínvestigation in various combinations¡-

1o Water/cement ratioso

2" Processes used on test specimens.

(A) Delayed revibration.
(B) Delayed revibration and steam curing"
(c) Steam curingu

(D) Norrnal air curing"

rntervals between and duration of delayed revibrations"
Age of test specirnens"

The investigation consisted generally of first
deterrnining the properî concrete mjx with the help of trial
batches during preliminary investigations, rhree specimens

eonstituted a set, and four such sets were rrsualiy east from

one mix operation anri rìesignated as a batch" Eaeh of the

four sets forming a bateh were sub jectert to different
nroeesses and conditi.ons during the first IB hours after
eastingr set (A) was subjected to derayed revibration,
Set (B) to delayed revibration and steam curing, Set (C)

to steam curing only as specified hereinn and set (D) was

the control set not subjected to any of the above processes

and kept in the Laboratbry at normar temperatures of bétween
o?2 7 5"F.

Subsequentlyo either the sets were tested for 18

hour strength¡ op all of them stored under the same
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conditions of temperature anci humidity until tested at a

specific âfl€, Usually two similar batches were cast one

after another for testing at different ages. The test
results were finally tabulated and analyzed" standard

concrete cylinders, $m diameter x 12* high were used. as

test specimens"

4"?. rdentification And Arrangement of Test specimens"

Each inciividual mould was identifiabLe by a tag
bearing the set designation: A, Bo C or Du and the
specimen number (1), (z) or (3)" Batches of concrete were

nurnbered Io ?u J----1Jg etco ¡ in the same consecutive order
as they were mixed in the concrete mixer"

For a major portion of this investÍgation the
sets were designated as follows¡

Sets Subjected toc lst Bateh 2nd Batch
( for early ( for later
strength test) streneth têst)

Rgvibration only" c ô e ¡,. c e o o c o o o

Revibration and steam curing" u,

Steam curing only oo.ooeoeooooo Cl

Normal air curing only oo,ooooo Dl

When caFting the specimens, compaction of the

concrete was achieved by an initiat vibration last ine 2

minutes (unless otherwise indicated on the casting Report)

on vibrating table No. I only. The sets and specimens were

arways positionect in the same order during this operation

A1

Bt

Az

B2

c2

Dz
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as illustrated by Table IX"

TABLE IX

ARRANGöMENT OF I,IOULDS ON VIBRAT]NG TABLE I
FOR COMPACTION OI' CONCRETE DURING CAST]NG.

Batch Casting
Sequence Sequence

Position on Vlþ:rating TeÞlèG-ft HanãSiãe -Rffi
Al A: Al Bl Br Blr) (z) Ú) _*g)lzLttJ
Cr Cl Cl Dl

_ (r) ( z) lÐ__ (r) 
'

A? A2 A2

(r) (2) (3)
B2 B2 B2

(1) (2) (3)

Çz c? c? Dz- D? D?

(1) (z) Ú) *_ (i) (z) (t)
A similar system was adopted also for the

revibration and steam curing cycles. After casting the
eight sets from two batches mixed in rapid successionu

Sets A1 & AZ ( to be revibrated only) were clamped in
vibrating Tabre ro sets B, & Bz which were to be revibrated
and subjected to steam curing were enshrouded with polythene
sheets and clamped in vibrating Tabre rr, and sets c1 & cz

were placed in the steam curing box and covered with
oolythene top sheets u but without the steam valve turned oÍro

Sets D, e DZ were stored in a corner of the
laboratory, covered with a polythene sheet and teft un-

disturbed during the initiar l8-hour period after casting;
these constituted the contror sets as mentioned earl-ier.



74

Thermocoupre .iunctions were invariably embedded

in specirnens 81( 2) ano C2( l) auring castingu and the therrno_
couples were later usecl cluring the steam curing periorl to
monitor the temperatures of the cylinders in the steam

chest and the vibrating form adapted for steam curing"
rdentification as to batch, set and specimen

nurnber was printed in indelible ink on top and side of
each concrete cyrinder as soon as it was stripped from the
rnould¡ this helped in avoiding any confusion or mistakes
at the time of testing"

Note¡ Set desipgration A, u AZ, 81, BZ etc" as
given here have been rationalized for the purpose of this
report, During actual easting operations, set designations
used werel Au Eo C, De E, Fu G & H, and the following
relationship exists between the old and the new desigrrations
respectively¡ A = A1; B = B' C = Ar; D = BZ; E = CI;
F=Cr;G=DluandH=D,
4,3 l{ixing And Casting proceduree

To maintain quality contror over the concrete, a
s'ûandard mixing and cast.in65 procedure was drawn up during
the planning stage which was adhered to rigictry during
actual ooerations¡ this also insured efficiency of
performance and elimination of errors" This procedure was

posted as foll,ows:
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iviake sure the conci:ete mixer is in a clean concl.ition
and operates normallyo

Have the steer- mourds creaned and ready for use by
coating theír inner surface with heavy rnachine oir,
A*ange the mourds in their proper order by sets and

specimens" Cla'np sets A, & Bt on vibrating Tabte I to
be followed bv sets C ,e. nly sets Ct U Dt for casting as first baich"
The second batch wirr consist of sets A, e Bz, in the
order specifiedo and shown in Tab1e fX, to be foll-owed
by sets ÇZ e DZ sirnilarly arranged"

Have therrnocoupre junctions ready in moulds er(z) and

c2(1).

weigh out the required quantities of coarse and fine
aggregates, cement and water in the respective
containers designated for each materiaru due account
being taken of the tare weights as marked on them" use

the'orarry sheet'o to make up the number of times each
container is used for depositing material-s in the
charging bucket,

DepositthecoarSeaggregatefirstinthecharging
bucket, and sandwich the cement between layers of sand

on top of the 6çravelo

t¡let the wheelbarrow, scoops, shovel, trowel and the
slunp test equipment, and drain off any excess wateru

Position the wheelbarrow directly under the discharge
hole o

l!

J.

nla

8,
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9" Wipe the drum and bJades of the mixer with a damp

cloth.

IC. Start the concrete rnixer and charge it with the

materials previously deposited in the charging bucket,

Il" Let dry mixing cont:nue for two rninutes.

L2, Add the prevíously weighed out mixing water in a slow

eontinuous stream taking one mjnute for this operation"

L), Let the wet mixing 1,ake place for two minutes noreu so

that a total of J rn:.nutes elapse after the mixer is
eharged 

"

14, The concrete discharged into the wheelbaruow should be

remixed with the shovel provided"

l-5" Perform the slump test"

]ó, Fitl the moulds clamped in the vibrating table with

concreteo For compaction start the vibrator and'keeÞ

it on for 2 minutes, in the meantime rnaking good any

subsidence in the le'vel of concrete in the mor¡Ids.

L?, Unclamp the moulds, strike off the top surface of the

concrete with a trou¡el and store the specimens under a

polythene sheet Ín a corner of the labo::atory.

18. Clamp sets Ct & Dt next, Cast and store them in the

seme way as sets AI & Bt aboveo

19" Clean the vibrating table and drum mixer of all
concrete left from this batch and dispose of it outside

the laboratory in tire manner provided"
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?-o. clamp sets A2 e Bz. ín the vibrating tabre and'repeat

the above cycle of mixing and casting for the 2nd batch

also,

2L, After the final casting for the day, hose down the

mixing drum and blades with ptenty of water and wash

thorouehly aII the equipment includin6¡ wheelbarrowo

trowels etc" used f'or these operations.

4,4 Yibrating and Revibrating procedures,

' In this invesr igation, vibration of concrete

refers to that used for initiar compaction onry during the

process of casting the 'est specimens. For this purpose

use was rnade of vibrating Table I with the moulds firmly
clamped to it as explained in Chapter III" The initial
cornpaction was generally aclieved by operating the

vibrating table for a period of 2 minutes; in the case of
some tratches wi';h high water-cement ratios where se€pegation

became evidento the dura.tion of vibration was limited to one

minute; jt is so indicated in the Casting Reportso (see

Appenoix A.) Thus all the sets in a batch, (including the

control set) were subjected to the satne condition of
vibration for the purpose of achieving compaction of concrete

and elimination of air voids

As distinct from the initial vibr¿ltion used

during casting for the purpose of achieving satisfactory
compaction, revibration refers to delayed and repeated
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vibration to which some of il-re concrete specimens were

subjected after casting, Revibration was one of the most
i.rnportant variaures useri in this invest igation and it was

varied in terrns of ciuratÍon as werr as interval between
vibrations" Duration of revibration refers to the length
of time for which the specimens were again vibrated
continuously at any one application; this ranged from f
minute up to I minutesu but the 6çreatest number of specimens
made were for a revibration time of 2 minutes. The

revibratíons were repeated at specified intervals during
the initial period of r-B hoursu the intervars between
vibrations general-ry varying from one hour to four hours
cìepending on the vibration characteristics specified for a
particular batch" Every batch in this series is distinguished
by its vibration characteristicse thus 2 minutes at 4 hr,
means that the sets subject to revibration were vÍbrated
for a oerjod of 2 minutes eaeh at intervals of 4 hours during
the first lB hours after casting" The forrowing tabre lists
the revibration characteristics investigateda
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TABLE X

REVIB" CHARACTERISTICS PERTAINING TO DIFFERENT BATCHES

Revibrat ion Characteristics Batch Nos.

L/2 nin" at 4 hours 18 to 2I

2 minu ât I hour 15 to 17

2 min. at I hour for first 5 hours only 26, 2?

2 min. at t hour for l.ast 3 hours only ?.8 u 29

2 min, at 4 hours 9 to 14, 30 to 3?
4 min. at hours 38, 39

B min. â.t 4 hours 22 to 25

ft wil} be notíced that a variation was

introduced in the case of Batches 26 to 29 z Batches 26 e
2? had revibration characteristics of z min, at t hr. for
the first five horrrs onryu where the relevant sets were

revibrated for a period of z minutès each every hour for
the first five hours only after casting; also Batehes

28 & 29 had sets which were revibrated for 2 minutes each

at hourly intervals during the rast I hours only of the
18 hour period after castÍng. rn comparison with sets
having revibration charaeteristics or 2 rnin. at I hr. for
the fulr 18 hour period after castingo these batches were

intended to show whether any signifieant increase in
strensth. took place due to an earlier or rater revibration"

Batch l/ was cast with five setsn each

revibrated once only for z minutes, but after an interval
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of lu J, 6, 10 and L6 hours r:espectively after casting; thê
contror set was not revibrated at alr, This last set was

a case of delayed revibration rather than repeated revibration"
4.5 Low Pressure Ste_am -Curing,

Each typical batch contained a set of specimens

subjected to steam euring onryrdesiggrated set c,and another
set subjected to both revibration and steam curing"desigpated
Set Ð"

The steam curing cycle involved a presteam

period of 5 hours, followed by a steam curing period of 13

hours during which the specimens were subje'cted to steam at
atmospheric pressure, The admission of steam was req!¡lated
to aehieve a temperature rise of 4OoF per hour in the
specirnens up to a maximr¡m of 15oo¡'; this was to be maintained

for tlre rest of the steam curinq period" The presteam period

and speeifieations regarriing temperature rise and maximum

temnerature are in accordance with the recommendations of(z\ (I), (4), ( 5), (ze¡ et arHanson and others ; these arle

acceptedandwideIypractisedbytheprecastconcrete
industry with slight modifications@

As described in detajt in Chapter fIIu the

regulation of steam was achieved by rnanual controls, which0

although not very precise, generally gave values within
acceptable lirnits" the sets intended for steam curíng

alone n generally cr e, cz were transferred to the steam
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curinfl b()x immediately af'ber eastin¡1, covereci with the
polyethyrene top sheeù and arlowed to stand for 5 hours"
sets Bl and tsz subject to revibration and steam curing,
were generally clarnped to vibrating I'able rr immediately
after casting ancl arso covered with polyethyl_ene to under-
go a prestean oeriod of 5 hours. At the end of this peri_odu

the temperatrrre of the snecimens was noted and steam

adrnitted into the stearn curing box as well as into
vibrating Table rr converted into a stearn curing enclosure;
the entry of steam was rL,gurated to obtain the desired
ternperature rise (40oF pÊî hour) and the maximum temperature
.o(150 F). The temperatures were initially monitorecl every
lJ minutes to check the rate of temperature riseo but after
the maximum was reached, the interval between temperature
checks was extended to haLf and then one hour. steam was

shut off after t3 hours of steam curing"

The end of steam curing also marked the end of
the 18 hour period after casting; during this period, the
specimens so requíred wene also reviberated.; after this
period no physical operations were performed on the
specimens anci they were either tested immediately for
early-strength tests or stored away for testing at later
ages. usually the first batch cast, consisting of sets
41, Bl, Cl, & Dt was intended for early strength tests and

the second batch consist:i.ng of sets Az, B2u.c2¡ & D2 wâs
intended for testing at ]ater agese
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Although ít was originally desirecl to obtain

lB-hour strengths of the specimens, practical difficulties
invorve<j in achíeving this ob jective proved insurrnountable;

consequentl-y most of the early strength values were for
20 - 22 hours, It was found impossiUte to perforrn l8-hour
strength tests due to the tirne involved in stripping moulds

from all the twelve specimens, câpping anci testing them one

by one o

4,6 Storaee And Moi.st Cul:ing

Batches planned for testing at later ages were

stored away soon after the specimens were rernoved from the

moulds and batchu set and specimen numbers were marked in

indelible waterproof ink on their sides and tops; the latter
was done to record the identity of each concrete cylinder

and eliminate subsequent confusion or errors.

Initially it was planned to store the cylinders

in the fog curing room until aborrt six hours before thejr
schedr.¡led testing tine when they would be removed for
dryine out and capping before being tested. However this
plan proveci impossible to implement due to the limited
storage space available and the denands made on it by other

users of the laboratory. Consequently many batches had to

be renoved from the fog curing room much ahead of the

scheduled tíme¡ there were five batches which could not be

accommodated at al,l in the fog curing room and had to be
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left in a corner of the laboratory uncìer norrnal room

conditions of ternperature and humicìity" Thus curing
conditions were not constant from batch to batch cìuring

storage and account will have to be taken of this fact
during evaluation of the resurts. Howeveru precautions

were taken to maintain uniform conrlitions for all the sets
in the same batch by storing the whole bateh ãs a unit under

humiri or dry conditions; this ensured that results of the
vari.ous sets in a batch are comparabre in every ease.

4 "7 Testing Procedure"

With the exception of the first four batches

during initia] trj.als, âfl concrete cylinders during
preliminary and finar investigations were capped before
testing" Capping material used was mainly sulphur, and

occasionally sul-phur mi.xect with a black proprietary
compound manufiactured specificalry for this pì]rposeo

After removing the test specimens from the mourds

at the enri of the 18 hour period, those specimens desigrrated
for strength tests at 18 hours were capped j-mmediately and

subjected to compression tests, These specimens were

usually tested at an age of 20 - zz hours, due to delays
in stripping, capping, allovring the caps to harden and

testing them. The age of the test specimens was taken to
he the rnean age of the batch ciuring compression tests"

Specj.mens to be tested at later ages were

taken out of the fog curing chamber at least {:l hours

usual.ly

ahearl
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of time to arrow them to crr:y or¡t before cappingnancJ the
caps to harcìen before testing,

'rhe sÞecimens were ,suaI1y testecr batchwise and

arr rernarks pertainins to the physical description of the
specimens and their behaviour under roadinq were noted in
"Test Report" forms at time of testing. specificalry the
f'ollowing infornration was noted¡

(a) rdentity of specimen¡ Batch set and specimen narkings,
(b) lest Ase of specirnen¡ rn terms of days and hours after

casting.
(c) Description of Specimens (i) whether rough or smooth

surface.

(ii) rr{hether sur:face poe}c

marked due to superfieial
air holes and greatest

dimension of holes.

( iíi) Eviaence of deep hotes,

( iv) Evidence of mortar losso

(v) r¡Jhether cap <lefective.
( cl ) Mode of failure l

( i ) Bond failureo when fail-ure took place due to

crushing of mortar only anri the failure plane did not

. 
nåss through the aggregate" This oeeurred in the case

oi- specimens where the mortar had not develooed

sr¡ffi.cient strength due to laek of curing.at ear:ly âf;ên
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(ii) Aggregate failure, where the plane of failure

substantially passed through aggresates due to the

cement mortar having attained sufficient strength to

be at least as strong as the aggregates in the concrete

m ix.
(iii) Tension failure, when vertical splitting of the

cylinder took place u usually accompanied by an

explosive sound" This happened in the case of

specimens with Convex surfaces top anð/ot bottom,

or those possessing very high strengths"

( iv) Diagonal Shear, where the plane of failure was

inelined at approximately 45" to the lonsitudinal axis

of the cylinder, This was the most eommon mode of

failure 
"

(v) Cone or Wedge Shearn where top and/or bottont

eone (or in some casesu wedge) formation was observed

d.urine the process of failure. iVlany speeimens failed

in this fashion"

(vi) Edge failureo when just a small portion of the

edge broice awayu usually due to defectj.ve capping"

After an apparent initial fail.ureu the specimen was

usually able to sustain more loaci untjl final failure'

In some eases more than one cyele of partial failure

and reloaci ing took place 
"
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( vi i. ) Crack ins o where a generaì. crack ins over the
surface of the cyrinder courri be observerl due to
crushing of the nortar and/or aggregate"

(e) ivraxirnurn Load at fairure, to give the strength of the
specimen under test.
( f ) storage cha::acteristics in the case of specimens

tested at later ases to help in the Droper evaluation of
the strength test results"

r'ig. 1l irlustrates the varior¡s rnodes of fail,ure of
the test snec irnens mentioned above ¡
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Tynicaì. vertica"l sPl-it
fâ! ture of a hig.h s-crenrrtì'r
tes'ú cYIinder,

Fig. 11 ll,{oCe of fail-ure cf ccncrete

Fa i.l-u.r'e j.nvc;l 'v :.nl
cone f or"lnat ion,

Ð iagona.1. shear f ail r-li:e .

Ten:-; j cn f'a j-l rr¡'e cltie
to ben,ì i"ng"

cyJ-inC er"s u.ltcl.er" cor,prciss ion.
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Edge failrri:e in ies l" suerirrilens.

Bond failure in
mortar paste,

Close-.u.p viev; show-ing
boncl.-shca.r' fai.Ìure of
cenent rnoz'taz' only; the
aggregate is intact.

Fig, LI ( Contd. )
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4" I Prel irninary Trials fqE_Mjå Desi gn"

A preliminary investigation was undertaken to

cletervnine the most efficient mix design for eoncrete using

the materials available locaIIy and the equipment installed
in the laboratory" The criteria for efficiency of the mix

desiqn were economy and high early strength necessary for
precast concrete products, Apart from the normal factors

affecting the strength of concrete, like the size and shape

of coarse aggregateu grading of the fine and coarse

aggregates, type of cernentu efficiency of the mechanical

nixer etco, an important factor in this investigation was

the affeet of the vibrating table used; this is a highLy

incleterminate quantity frorn the theoretical standpoint and

hence resort to trial mixes was cluite imperati AIso mix

desipnT s based on trial batches are a common practice in

nany situationsc for exampleo orl very large projects where

a great cost saving could be realized with an economical mix,

or for ciam constnuction where peculiar features Like the heat

of hydration or the availabifity of unusual type of aggregates

could be critical factorso

Reference may be made to Chapter III for rietailed

properties of the materials and the equipment ttsed¡ earlier
parts of this Chapter Iist the proceciure followed for mixing

and casting the concretee

Given the basic constituents of concrete, narnely

cementu fine aggregate, coarse aggregate and water,
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variables invorved in the design of concrete mixes areB

(i) Water to cement ratio (W/C, Ratio)"
(ii) Cement to a6Sgregate ratio (C/A, Ratio)"

and (iii) rine Aggregate to coarse aggregate ratio¡
Since it was the intention to ultimately

investigate the effect of derayed revibration and steam on

concrete conforming to various water-cement ratiosu the
prelininary trials were designed to evorve the best mix
for each W,/C ratio¡ for convenience these were selected aS

0,3, 0"4, a"5, and 0"6o The cement to aggregate ratios
selected for investigation werea l;4, Ls5, L25"5, l¡6 and
ra?. The percentages of sand (fine aggregate) in the total
aggregate were selected as Egftu Ug%, 5016, 5I1â anA 5211"

Obviousry a combination of arr the variabres
involved in each of the three ratio-catagories would result
in a total of 100 trial mixes¡ to research these would
requrre an unrealistic expenditure of time and effort, just
for the determination of optimum mixesn consequentry, the
foLrowing procedure was followed during the preliminary
investigation,

After completing Batch Nos. I to VI¡ and based
on an assessment of the results obtained, it was decided
to further curtair the preliminary investigation, The

results of the 30 sets investigated were deemed significant
enough to apply to other batches not so investigated"
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Behavíour of the concrete in various combinations of its
constituents as listed in Table XI is reprod.uced in
graphical- form in Figs " LZ e L3" Details of the preliminary

investigation are given in the Appendix"

TABLE KI
CONCRETE MIXES USED FOR PRELTMINARY INVESTIGATION

Batch iVo 
"

Set No, w/c Ratio c/A Ratio /o SanA in
Aggreßate

o"6 I¡¿+ 50

L¿5

Lt5t5

1¡6

¡.t?

II 0"6 1¡4 48

4g

50

5t

52

III 0"3 I¿4 48

Le5

Lt 5'5
Lt6

Le7
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TABLE XI (contd")

Batch No" Set No" w/c Ratio crln natio % sand in
Aggregate

IV o") I¡¿l 48

49

50

5L

52

50V 0"4 1¡4

rz5
L"r,5
L"6 l¡

)-,7
VI 0"4 1"4 ¿18

4g

) 50

5 1?

VII 0,5 1¡4 50

L¿5

Lz 5,5
4 I¡6

l-z7
VII I 0,5 1¡¿l. ---- 48

-49-50

5I
lt.--_____-_-7î--

)L

Conclus ions, The following conclusions can be drawn from
the curves in Figs " l? & Lj"
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r) The strength of concrete increases with decreasing
proportion of aggregate 1n the cement" aggregate

ratio. (Fig" Iz),
2) This effect is nuch more narked in the case of
concrete with water/cernent ratio equal to 0"3 and 0"4 thaïl
with 0"6 (Fig" tz).
3) curiouslyu early strength with higher aggregate
proportion is observed to be 10wer in concrete having
water/cernent ratio = 0u3 than with W/C = 0"6, This is
probably due to the fact that the available water was not
sufficient to hydrate arl the cement present and hence ross
in strengtho

4) Median strength values are found to be at or near
cement/aggregate ratio of 1¡5 Fig" LZ)"

5) strength increase is very rapid in rnixes richer thar¡
Lz5" Ç/e ratío except for concrete with r/c ratio = 0o6
(Fig. I2).
6) A decrease in the strength of concrete is observed
with j.ncrease in percentage of sar¡d in the aggregate
within the range investigated i,eo Og jZ16 (Fig" 13)"
?) The ross in strength is not very appreciable at ?

days, being a maxi.mum of Bftz but earry age tests show a
decrease in strength of up to 6016,

8) Median strength values seem to be at s0l6 sana
proportion"
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4"9 Fina1 Mix Design"

0n the basis of results obtained, from the
foregoing triars, it was deemed adequate to design just
one mix for each WrlC ratio to be investigated , lhe W/C

ratios considered fæ this purpose were 0,iå, 0" J and 0,6,
Tabre xrr shows the mixes used in this investigationo

TABTE XI]
CONCRETE MIXES USED FOR FTNAT INVESTIGATION

Noo W/C Ratio /o Sand in C¡A Ratio
Aggregate

I 0"4 4g 1e4

2 O.5 t+g 1¡4

3 0"6 50 l¡&

certain batches had to be cast immediately after
a fresh lot of sand was derivered to the laboratory; since
it had no time to dry out, its moisture content had to be

accounted for, and the water/cement'ratio of the batch
was eonsequently not the same as intended" Batches so

affected are nur¡bered LZ, L?, llr and 35 arld their
characteristics have been noted in AppendÍx A and in
Table XIII"

Mixes with w/c ratLo = 0"6 were arso adjusted
to aecount for the moisture content in the fine and coarsa
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aggregates as determined by laboratory tests,
The following are the actual weights of

constituents used for casting the principar concrete mixes"

concrete thus obtained was enough to make 12 cylinderse íoeu

4 sets of 3 cylinders each for each batch"

Mix Nou 1e- w/C natio = 0.4

CcA

% sana¡
aggregate )

Water

= La4

=48

Mix No. 2s-

M;lx No" )t-

Cement =

Sand =

Gravel =

I¡I/C Ratio =

C¡A =

/" Sand) -aggregate )

Water =

Cement =

Sand =

Gravel =

w/c natio =

C¡A =

/" Sana) 
=aggregate )

Water =

28 lbs"

70 '0

1.J&"4 16s"

L45.6 oo

0"5

1eþ

t+g

34 lbs"

68 oo

l)3"3"
138 

" ?*

0"6

1c¿+

50

34 "6

1n

1n

1n
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Cement = 6? "Bl+"

Sand = lil0,0 Moisture Content = jfí
Gravel = L3? "4 Moisture Contênt = Lfá



CHAPTER V

TEST RESULTS

5"L Sumrnary_gf Test Results 0btainedc

Results of all- the tests conducted in the

finar part of the investigation are given in Table xrrr"
They are listed batchwise starting from Batch No" g"

Batches No. 1 to I were investigated during prei.iminary

trials deseribed in Chapter IV,

5.2 Average Valuess

The values given in Table XIII are based

generally on an average of three test cyrinders. However

test results of some cyrinders had to be rejected because

of the foÌlowing conditionsr
a) Defective Cappingc Due to the presence of an air
pocket in the cap or unevenness of the surface, crushing

of the cap took prace in some specimens during compression

tests accompanied by edge faiLure of the concrete cylinder,
The characteristic noted was that only a smarl part of the

cylinder sheared off (see Fig" l4) resul.ting in a rapid
-99
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reduction of load on the indicator dial; a gradual build

up of l-oad ustially took place again and sornetirnes the load

reached at this stage was greater than that at first

partjal failure. In some cases this cycle was repeated

several times. Invariably load at failure in these

specimens was rnuch lower than in norrnal ones failing by

diagonal shear or cone Shear. To exemplify this, results

of Batch No. )4 are reprod.uced in Table XIV,

Fig. 14. Edge Failure
Due to Defective Capping.
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TABLE XIV

COMPRESSIVE STRENGTH OF CONCRETE¡ BATCH N0" 3t+

Set Non Mode of Failure Cylinder
Strength PSI

Avu Strengt!
PSÏ

A Revib 
"

1 Shearu crackins 2?60

22402 ¡0 el¡ 22aO

j ¡l ¡t 2?60

B i Revib" &
I

I

; Steamed
I

I Shear, 345a

3?to2 Diag" Shear 3 780

3
t¡ ¡a 39rO

C Steamed
:

I

i

I

I

I
I

I

I Diapr. Shear 4o4o

40002 ¡¡ l¡ i960

3 Cap" Edse Failu :e 2O4Oe

D Air Cured I Shear cracking r660

L?302 r0 ¡¿ 1780

3
Í c¡ r?60

speeimen No" 3 in the Steamed set (set G ) is not representative
of that set and it would be unfair to use it for obtaining
the average strength of the set. Hence all such values wese

rejectedintheaverageeva1uations,sincetoinc1udethem
wourd have given erratic and misreading results" rn some

cases two out of three specirnens failed in edge shear and

the strength of the set had to be based on the val,ue of the
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single good specimeno

b) Damage in Test Cylindersa Signs of extensive damage

in some test cylinders were indicated by the presence of
fissures or cracks on the surface extending deep into
the body of the cylinders" (see Fig" L5, (A) (B) (C) )"
In some cases the cracks extended right across the section

with the cylinders broken into two or more pieces. (Fig"

15). This damage invariably occured in cylinders sub ject
to repeated revibration at frequent intervals usually in
the flrst few hours after casting" Exanples of this tJæe

of danage are Batches L5 U Ló with revibration characteristies

of 2 min" every hour and Batches 26 e 2? with revibration
characteristics of 2 min.h hr" for the first J hours onlyo

The conclusion about the adverse effect of frequent re-

vibration in the first few hours after casting is sub-

stantiated by comparing results of Batches No" 9 etcu with

revibration characteristics¿ 2 minutes at 4 hour intervaLs,

and Batches 28 e 129, revibrated 2 minutes every hour duning

the last 3 hours only of the 18 hour cycle" Cylinders for
these batches showed no cracks whatsoever" The damaged

cylinders were also subjected to compressive strength tests

but the results were too low and divergent to be useful as

an indication of the true strengbh of the conerete"

Therefore results of these specinens were also rejected in

the final analysis.
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(A)

i-ì.1 '; *'I

..tt'

rtìr

¡

'i!'

r.. ,.þ

-.r '.:.;... ì:.r{-'_n. " rr¡;'¡'

Ë$-l-#.1:ìÈ\:". .

þr:i'r r:.i

(c)

(B)

Fig. I5. Revibration Cracks In Test Cylinders.



106

c) IVi j-scellaneoìrs Cartses: liiaifunction of the -best machine,

in either loacling the specirnens too suCdenly or the platens

bearing dovrn cn th¿ cylinders ai an ang1e, usually caused

failures similar to edge faiiure, (Fig. t6). sonetimes

tensile faiiure was also causecl, evidenced by a horizontal

crack near the middle of the cylinder (Fig. L7) accompanied

by an abrupt d::op in load. These tests were also rejected

as being unrepresentabive of the true indication of concrete

strength. Quite often it was difficult to distinguish

between this type of failure and the true edge failure as

described earlier.

.:;iÌlì¡i.l.l:
':r r:.ì,,::!:ir'ìi

tì. iìì:iiii3
,.r,i:ttitiìiìlt:ìir .',:itìi:,t-ì.:

l-.... r -,i.:

Fig, L6 Edge Ì-ailure
In Test Speeimen

Fig. L? lensile Fail-ure
in Test Specinen
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5.3 Empirical Eq.uation And Curve Fitting
By defination, ân empirical equation is derived

from experimental datau since it has no theoretical basis
its forrn and arbitrary constants are unknown, Hence quite
oftenu serection of a satisfactory empirical equation to
represent a set of experimenta] data involves a process of
trial and êrroro

IdealJ.y an empirical equation should. represent

a]} the experimental data closely, yet have few arbitrary
constants. Therefore the choice is between precision of
fit and simplicity¡ considering the inaccuracies inherent.
in experimental data, a compromise between the two is
usually the best answerc

The solution to a satisfactory ernpirical

equatíon is greatly facilitated by the selection of suitable
coordinates yielding as nearry a straight line as possible.

Such an equation can then be tested for suitability, nÎhe

Graphical Suitability Testo for an enpirical function to
represent a set of data involves the following stepsr

I" Writing an assumed relation, f (Xo Y, ao b) = 0o

in }inear forrn FI = A + FZ"

2o Calculating F, & FZ for widely separated points"

3" Plotting F, as a function of Fr" If a straight 1ine

is obtainedo then the equation is satisfactory,
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îhe final step in the solution of the equation is the

evaluation of the arbitrary constants, The Methsd of Least

Sguaresu though cumbersome, is the most accurateo

The data obtained in this investigation was

desired to be represented by graphical curves for
comparison and easy evaluationu Since the A6çe versus

Strength eurve is not of the linear forrn, it was found

difficult to select the best curve to fit the points

plotted on an Age-Strength graphu Hence it uras endeavoured

to obtain an equation to relate the Age & Strength of
concreteu and then try to plot the best curve possible,

From an inspection of the plot of Age-strength

curves, it appeared that the curve is of the h¡perbolic

type represented by the equation t = X/ ta+bx).

Fo}lowing the procedures outlined above for the selection

of empirical equationso it was decided to verify the

assumption regarding the equation of the curve by a têst
plot of the points using coordinates¡ X, X/Y, It was

found that the points so plotted approximated a straight
line" It was therefore concluded that the assumption was

corre ct 
"

. The arbitrary constants uau and obo were

calculated using the 'Method of teast Squares' as followss-
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Case wheres X, the independent variabJe,is exact¡

Yu the dependent variable, is liable to

and the chosen equation can be reduced to

thg formc Y = a * bX øøøcøoooe eoaoeoso (1)

Let a Y represent values defined by above equation,

You the observed values,

and Nu number of observed points.

Thgn Na + U)X =)Yo oee esooooeooeeoeooooo6coooooóeooo (2)

aãX + UãXz =)XYo ooósooooeEeoeso søseøoeôoó€ooo (3)

Solving (2) and (3) simultaneouslyr
2.

a =)X-ãyo -ãXÞXyo ooe€oocoeco¡ioeeooooooooôoes (¿r)

xãxz (ãxl2
and b = XãXYo -ãX)Vo eeoooo€oeoaoooosoe cocooeooco (5)

xExz F¡ t2

Solve for nao & ub' and substitute in equation (I)"
The whole procedure wiII now be illustrated for the

results of tests on batches conformÍng to ÇC ratio 0.¿+

and revibration characteristic of 8 min "/4 hrs" The rest

results were as followss-
TABLE XV

COMPRESSTVE STRENGTH OF CONCRETE (PSI)
WA-TER-CEMENt- RAîIos_ 0.¿l, FEVIBRATIoN CHARACïERISTIC s :lmin/Í hr"
Batch frio" lest Age Hrs" (A) ReviU" (B) ReviU" (C) Steanred Air

& Steamed Cured

24 20 1g¿+0 4050 4L10 v 50

22 184 65t+o 6630 SBga 6800

23 668 69zo 57r¿O 5??0 ?650
25 L53L ?2oo ??90 _?21o ?6?0
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Ðetailed calculations as follows for Set (e) are typieal
of all sets of batches tested in this investigation.

xxzY*/, *, /,

I 20 400 rg40 .0103 "?062

2 184 33856 6540 ,0281 5"L?68

3 668 ¿+46zzt+ 6920 ,0965 6t+.4ïjz

4 L53L Zl4lg6L 72Oo ,2L26 325"550L

"3476 395,4163

The hyperbolic eqnu- Y = X/(a + bX)"

can be rewritten in the linear form asc

i 
= a * bX eoooosooooe ooooooe oóoooøooò.oooee r (6)

with coordinates (1) and X,
Y

Here X is Age of test specimen in hourse

& Y is compressive strength of the Fpecimen in PSI.

Using the Metho<i of Least Squares for deternining the arUitrary
constants uau and b of eqn"(6), we have Bo

t{a + uãx ='ã(Il"
Y

,rãx + bE xz =;tf'," 
,.

Substi-.;uting the values for N (=4),ãX,>:,>iX2,ãå2 
"tY _Y

tabulated above we getr

4a+240Jø=0"31+?6

Zt+O3a + Z7?t+t+¿+lb = j9 5 "t+I6J
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solving the above equations simuttaneouslyu we gete

ei = 0"005727

& b = 0"0001i5,

Thenthestraight1ineequationwiththecoordinates
.v (1) a (x) is¡

Y

,X.(-) = o'0005727 + 0"000135x óe ooooeooeoo,i6ooo€o (?)
Y

Here a is the intercept on the ordinate illv
and b is the slope of the line,

Eqn (7) can be transformed to the h¡perbolic equation
of the type Y = X/a + bX

with the coordinates X and y as followsr
y = x/(o"oo5?z? * 0u000135x) ooeoooosoooooooâoo (g)

Equation (8) is the empirical equation representing
the Aee Vs Strength relationshin of the four tests con<iucted

on specimens of set (A) ar¡d the curve corresoonding to the
above equation draum with X, y coordinates woufd be the best
curve for the experimental data" Fíg" lB iLlustrates the
results of set (A) graphieal,Iy"

Figs' 19, 20 and zr were sirnirarry plotted for the
data in sets (e), (c) and (D) of Table xv" Graphs of al.l
similar data have been drawn and are included in Appendix B.

Recapitulating and summarisingrtest results of alr
specimens luith similar characteristics¡ i"€, those bel,onging

to similar sets and having the sane SlrlC ratio , were plotted
on a graph with the coordinates x and x" { represents the

Y
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a€ie of the test speeimen in hours and y represents its
eompressive strength in PSI" A Linear equatåon representing

the best fit f,or the experånaeptal data was deråved using
the method.of 'Ieast serrâFêsr, A line was plotted on tk¿e

basis of values of uau & ubð as aalculated from the above

equation; and desigRated,as tIl = a + bX; fhis Line was
Y

transformed to the tyþe y = X/(a+bX), using the same

valt¡es of oao & ubô and plotted on graph tuith X - Y

eootrdinates" By ånspecrlon this eutrve appears to be the

best fit for the experimental data plotteda therefore åt ie
eoncl.uded tltat the form of the empåråeal equation j.s a
eorreet oReo

5 " 
¿+ Åaalvq_iÊ _qfjgq!_BgÊrÀlËÞ s

Using the above teehnåqueo strength eurv@s were

plotted for eonsretes eoRforming to various water/eement

natios and subjeeted to different proeesseso These

strength eurves were brought together for eomparisonu as

shoum in Figs , 22 to J&'6 in eaeh ease oRe variable was

t¡sed fon eonnparison of' relative streng'th eharaeteristies"

For the purpose of reading the graphso the terms

used therein are explained belowa

Revibratedr refers to eoRerete specimens whieh were

subjected to delayed ?od neBeated vfbratåon

after easting" Revåbration ehanaetcråståe of

S mån" every.i+ hours (or * min"/& hrs") means



Steamed ¡

Revibu and

LT7

the concrete was subjected to vibration
for a duration of å minute and ti. _s was

repeated every 4 hours after the time oî
castirgo up to the cut-off time limit of
18 hours" Similarly 2 minso every 4 hrs"

or (2 min,/4 hrs") and I minutes every

4 hrse or (8 min"/4 hrs" ) refers to
vibration for the duration of 2 mins" and

4 minso rêspêctively, repeated every 4

hours up to the time limit of 18 hrsn

after casting,

refers to concrete specimens subjected to

steam curing according to the standard

procedure recommended by Hanson for pre-

casting plants, this involved an i¡litial
presteaming period of J hours followed by

low pressure steam curing, so regulated

as to produce a tempera.ture rise of 40oF

per hour in the eoncrete specimens with a

maximum of 15ooF, which was to be

maíntained until 18 hours after casting.

Steameds refers to specimens which were

subjecteci to both revibration and steam

curing simultaneously during the first
18 hours after casting"



r18

Air Cured e refers to control specimens which were not

subjected to any of the processes as

described above during the initial 18 hou:r

periorl after casting.

During casting howevero all specimens were

subjected to 2 mins" initial vibration for the purpose of

achieving proper compaction¡ exception was made in the case

of concrete with water/eement ratio = 0"6, when only å

min" of initial vibration was considered sufficient to

achieve compaction" At the end of the IB hour cycle during
which the different sets in a batch were subjected to

different processes as described above, all the cylinders

were either prepared for compression test at 20 hr, age or

was storeci away for testing at a later age"

5,5 Relative Compressiye Strengths Based 0n Çtrength Cgrveg"

Strength curves of concretes subjected to

different processes during the initíaI tB hour period after
casting as compared in Figs . ?2 to 28, Figs " 22 to 2+

compare concretes with water/cement ratio = 0,lto but with

different revibration characteristics iue" å min"/4 hourso

2 min "/4 hts" u and 8 nin/4 hrsu respectively" Fig" ZJ

pertains to conerete with water/cement ratio = 0u 4J and

Fig. 26 to conerete with water/eernent ratio = 0"5" Concrete

with water/cement ratio = 0,6 is described in Fgs " 2l artd

28d the revib" characteristics are 2 min"r/4 hrs" and 4 min,/

4 hrs" respectively" To facilitate evaluation and
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conparison of the test
considered individually

results, each Figure wiII be

and commented upon,

?? RC ive Stren curves for concrete (wate

cement ratio = 0"4 revibration characteristic ¡ mln 
"

every 4 hrs")s-
Comparison of early strength (1 day) indicates a

fairly wide spread of compressive strength values¡ these

tend to converÉ{e appreciabry up to ages 10 days after
which they seem to even out" Concrete subjected to
sircurtaneous revibration and steaming (set B) has the
greatest strength at I day, followed by concrete subjected

to steaming only" concrete subjected to revibration only
seems to have suffered somewhat havÍng a lower value than

the air cured concrete (Control Set)" At ages p0 days,

the Revibration & steamed set indicates the least strength
compared to the other sets" curiously, concrete subjected

to steaming only appears to be the strongest, although only
marginallyu as compared to the norrnal air cured concrete"

The set subjected to revibration onry is slightly better
than the steamed set" Based on results of l¡ig" re Table

xvr indicates the percentage gain or loss in strength

compared to normal air cured concrete at le 28 and p0 days"
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STRENGTT{ OF
COiúIPARED TO
RATIO = Ouþu

TABLE XVI

c0NcRE,lu stlu,tuc,l'ljD,[.t) I)] t.'i.'tjRHN,r FIì00Hs$i;;:i
NORMAL AIR OURBD CONORE'TE (WATER,/CEMËNT

REVIBRATI0N CHARACTERISTIC e * MIN"/4 HRS"

Set Type of Concrete
* Gain (+) or Loss (-) in Strength ate

I Day 28 Days 90 Days

A

B

c

Revibrated

Revib" & Steamed

Steaned

-4%

- 8/'

+ 31ß

+

+

2?r,

38/"

251Ã

It Oompared to Norrnal Air Cured Concrete"

Fig" 2q¡ :Eelgtiv_e Strength curves_ for concrete (water

cement ratio = 0.4" revibration characteristics z 2 mi.n"

everv 4 hrs"Jr-

In this case the range of strength values at an

early age is not appreciably different from that at later
ages" Concrete subjected to both revibration and steaming

is the strongest at I day¡ followed by Steamed Revibrated

and Air Cured in that order, At 90 dayso Steamed Concrete

is the strongest followed by Revib" & Steamed, Air Cured

and Revibrated respectively" Revibrated concrete starts

out as being somewhat stronger than normal air cured concrete

at an early àgèo but seems to lose thi-s advantage at Later

ages" This is exemplified by Table XVIIe-
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STRENGTH OF
COMPARED TO
RATIO = 0u4,

TABLE XVII

CONCRETE SUBJECTED TO DIFFERENT PROCESSF:,
NoRMAL ArR CURED CONCRETE (Wnrgn,/cEMENT
REVIB" CHARACTERISTIC z 2 MIN./4 HRS" ) "

Set Type of Concr"t" 
o

A

B

Revibrated

Revib" & Steamed

Steamed

+ L4%

+ 35/"

+ LBq¿

2/,

0

+ 61â

2ß

0

+ 616

's Compared to Normal Air Cured Concrete"

Fís. 242 Relative Stre curves f concrete water
cement r tio = 0,4" revi ion char eristies I min"

4 hrs" ) e-

rn this case normal air cured concrete seems to hold
the edge over all the other t¡rpes as far as strength is
concerned but the curves are somewhat misleadíng as far
as early strength is concerned" Reference to results of
Batch 24 (raole xrrr) shows that in fact at a test age of
20 hours, the air cured specimens had the least strength,
The reason for this discrepancy wourd seem to be that in
Fig" 24 the strength at rater ages has influenced the shape

of the curve at earry âgêu in the case of the air cured

specimenu Therefore in this ease curves of Fig, zþ will be

disregardedu and test results of Batches 24, 23 and Zs
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L25
(from Table XIII) respectively will be used for
evaluation of percentage gain or Loss in strength conrpared

to norrnal air cured concrete"

A Revibrated + LL% - 9/o 6%

B Revib. & Steamed +LjZ% -25% j%

C Steamed +Lj5% -zt+% - t+%

r+ Compared to Normal Air Cured Concrete"

TABLE XVII]

SÎRENGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES
CONIPARED TO NORMAL AIR CURED CONCRETE. (WATER/CEMENT RATIO=0"4, REvrB, cHARAcTERrsTrcss g MrN./¿l'HRS. )' -

Set Type of Concrete "
( Batch 24) ( Batnh 23) ßatchzZs)
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Fig" ?<: Relative-Strength curves for concrete (waterl

cement-ratio = 0.4.( revíbration .characteristics s ?-.V,;:l,l

4 hrs,)¡-
This Fig" shows a wide range of early strength values

converging gradually towards 28 day strength, after which

they even out, At early age (I day) ste.arned set (C) is the

strongestu closely followed by the Revib" & Steamed. Set (g),

then Revibrated Set (A), and Iastly the Nonoal Air Cured

Set" At 28 daysu Revib" & Sta-amed Set (B) was the strongest

f'ollowed by Revibrated Set (A), Air Cured Set (D) and

Steamed Set (C) respectively" The curves in Fig, 2J closely

follows the actual test values tabulated in Table XITI,

Table XIX shows percentage gain or loss in strength for the

clifferent types of concretes compared to the normal air

cured concrete"

TABLE XIX

STRflNGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES,
COMPARED TO NORMAL AIR CURED CONCRETEC (WATER/CEMENT
RAT]O = 0"45, REVIB. CHARACTERISTIC T 2 MIN./4 HRS. )

xGain (+) or Loss (-) in Strength ai
Set 'Iype of Concrete I Ðay 28 Days Ç0 Days

A Revib" + 29f"

B Revib" & Steamed +L08%

C Steamed +L22/o

+8%

+LO/"

L%

+ 7/"

+ 7/'

5%

*Compared to Norrnal Air Cured Concrete (Set D).
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i.'ig " 26 Re lat l ve Stren¡rth curves for concrete water

cement ratio = 0" revi-brat ion cha.racterist ic ¡ ?. mín, /

4 hrs")¿-

The Revibrated and Steamed Set (B) shows highest

F,ain at earLy age but at about ? days it shows a marked

loss in strength compared to the other sets" The air

cured set (D) starts out with least strength at early age

but gains on the other t¡rpes gradually so that by age 28

days it shows the highest strength compared to the ot'hers"

The Revib" Set (A) and Steamed Set (C) have intermediate

valuesu being stronger than norrnal air cured Congre'6e at

early age but slightly weaker after 28 days. Table xx

illustrates the relative gain or loSS in strength of the

various type of concrete specimens.

STRENGÎH OF
COMPARED TO
RATIO = 0"5u

TABLE XX

CONCRETE SUBJECTED TO DIFFERENT PROCESSES

ñónmnl nrn cuRED coNcRETE¡ (wRlnR/cEMENr
nnvfg" CHARACTERISTIC a 2 MIN" A? ¿e HRS" )c-

Set TyPe of Concrete
xçain (+)_or logs (-) in Sl-re.ggÍh at

I Day 28 Ðays 90 Days

A

B

Revib 
"

Revib, & Steamed

Steamed

+ 5Of"

$54/"

+ 60/'

+L%

=L5/o

L%

3fr

-2s1Á

-4%

+' Compared to Normal Air Cured Concrete (Set Ð) '
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F'ie" 27 Rerative Strength curves for concrete (w/c = o.6o

revibration_characte:risti c¡ Z min"/4 hrs") t-
In thls case also, the normai air eured concrete

shows the least strength at earlv afles it gains over the
Stearnerì sets at iater aç"eso bui remai,ns weaker than the

iìevilrrated Concrete" The Steamed Set (C) showr the

naximum sajn in strength at early aee but 1oses this
advantage completery at later ages beinq onry rnarginarly
stronger tha.n the Revib, & steamed set (B), but weaker than

the Air Cured (O) and Revibrated (A) Sets" Table XXI

illustrates these points qualitatívelya -

TABLE XXT

S'I'RENGTH O¡' CONCRETE SUI]JECTED TO DIFFERENT PROCESSES
COMPARED TO NORMAL AIR TJURED CONCRETEC (WATNR/CEMENT RATIO
= 0"6, REVTB" CHARACTERTSTIO ¿ b MIN. Ar 4 HRS. ).

+& Gaín
Set Type of Concrete Day

or Loss

A

B

Revi lr ,

Revilr. & Steamed

Steamed

+5%

+ 50/"

+70/o

+ IL%

' 5/"

' 2/"

+ LT%

6f"

t+f,

rÁ Comnared to Norral Air Cured Concrete (Set D)"
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L32
F-is" 28 s Rerat ive Strength curves f or concrete

Revibration charactei:istjc c 4 min 
" /U hrs, ) 

"

In this case there seems to be a wide ran€e of vatues
both at eariy and later aqes " The Steamed ( C ) , and

Revibrated ancl steamed (B) sets are eonsiderably stronger
than the Revibrateri (A) and Air Cured (D) Sets at early
age but weaker at zB days and later ages " The Revibrated
set is however arways stronger than the Air cured set"
TabIe XXII illustrates these points clearly"

ABLE XXII

STRENG'IH OF CONCRETE SUBJECTED TO DTFFEREI.IT PROCESSES
COÌ\{PARED TO NORIVIAI, ATR CIJRED CONCRETEC (WNTENZCÈVrNÑI RATIO= a .6 " REVrB " cHARAcTERrsrrc ¡ b rwiñ ",2+ Ènd" I "-' 

'--"î" *

Set Type of Concrete
lF Ga in or Loss ( - in Strength at

I Da.y 28 Days 90 Days

A

B

Revib.

Revi.b " & Steamecl

Steamed

+ L4%

+ 97%

+r02%

rc%

L4f"

21lo

1?%

L7/"

24E6

+

-c-

rs Compared to Norrn,:.} Air Cured Concrete (Set Ð)"
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Fig. ?,9 z Relative Strength curves for concreie for

different revibration characteristics (waier/cernent = O"4u

revibration specimens onlys Set A),

This Figure indicates the effect of different revibo

characteristics on the strength of concrete wiih water/

cement ratio = O.l*u and subjected to revibra-r,ion only of

å rnin,/4 hrs,, 2 min "/4 hrs. and 8 min "/4 hrs" respectively"

Cornpressive strength of concrete at 1 day, subjected to

revibration of å min" /4 nrs, seems to be almost the same as

that subjected to 2 mín"/4 hrs"; but the strength falls off

towards later agesu being 27% Lower at 28 days, ì- Day

strength of concrete subjected to I min"/4 nrs" is L9% Lower

compared to the other two, but at 28 days it is LBq" higher

than concrete revibratei I min./4 hrs" and L5o/" Lower than

concrete revibrated 2 rnin "/4 hrs" Therefore it would appear

that revibration of 2 min "/4 hrs" gives better results fo':

concrete with water/cen',ant ratio = 0.i+ than revÍbration of

+ rnin. /4 nr's" or I min " /4 hrs.
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L36
Fis" 30r Rel.ative Strength curves for concrete for
cllfferent reviEatlon characterietics: (water/cement = 0"4*

revib" & stealns:d specimens onlyr Set B)"

The effect of dÍfferent revibration eharacteristics on

the strength of conerete, subjected to sirnultaneous revib.
& sTeanins. (Set B) riurinq the inítiar lB hour period after
castrng is considered here, This concrete has a water/cement

rai i o = 0 . 4. The strength curves seem to in<i i cate that I
day strrength is L\O% hirrher for concrete with ? min,/4 ]nrs"

revibrationo anci 6L% higher with 2 min "/4 hrs" irevibration
compared to concrete with B min,/hrs" revibration" Howeveru

this comparison is suspcct because at this early age the ra-be

ancl oegree of stearning has a much more predominant effect
than slisht variation of revilrration, and consi.dering the

sornewhat crude setup of the steam curing arrangement, this
is rnost likery the cause of this large disparity" Howeveru

r¡aria.tion in steam curing should not have such a great

influence on the concrel e strength al l-ater ages ( say 28

cìays) anrl the cornpari.sor, of strength curves at this age

would be more incticati.vr of the effect of revibration.
'I'herefore comparing the relative strength at ZB days in
I.'jg" i,O, it seems that concrete revi.brated 2 min ,/4 lrs
is 46'/o stronger and thab revlbra-bed 8 min /4nrs. is L5%

stronser comÐared to concrete revibrated $ min"/4 hrs"

and B min "/4 hrs" is generallv similar and therefore
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comparison of values for these two cases ís considered

rnore reliable. Revibration of 2 min "/4 hrs. seems to be

better than revib" of B minu/4 nrs" in this ease a1so"

r'tZ lI: Relative Strength curves for concrete for

rl j f ferent revibration characteristics ¡ (wa|,er/cement = 0,6 o

revj brated specimens onl-,yg Sets A" )

In this Fig" two strength curves corresponding to

revi.bration characteristics of ? min./L+ hrs" and 4 min "/4 hts"

respectively are comparecl for concrete with watet/cement

ratio = O"() ancl sub jecteci to revibration only. The strength

curves indieate that concrete revibrated 2 min "/4 hrs" iS

stronger by ?.L/" aI I ciay compared to that revibrated 4 min"/

4 hrs", but sradualiy loses this acivantage at l¿rter ages'

beins we:aker by L5/" at 28 days anci L8% at 90 da;rs" Therefore

revibration of ?- min"/4 hrs, j.nduces an early si;rength gain

over revibration of 4 min" /4 i¡ts", but a streng'üh loss is

incui:red at later ageq frlr concrete with watet/cement ratio

= 0.6"
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Fig." 32z Relêtive Strength curves for concrete for
differen! req!þq4tÍgn characteristics (water/cement ratio
= 0.6, revibraied and eteamed specimens only" Sets B" )"

The strength curves for the two revibration
characteristicsc 2 rnin"/4 nrs" and 4 min"/4 hrs" compared

in this Fjg" are almosit irlentical. This is the ca.se for
ecncrete with water/aement ratio = O"6 and subjected to

simultaneous revibration and, steam curing"

F'ig" jjz Rel ative Str:ength curves for concrete for different
warer cement rat ios ¡ ( Revibrat ion characteristics ¿ 2 rnîn, /
4 hrs;. revib" Fjpecimens only Sets A),

This Fig" illustraLes the effect of different ,water/

cernent ratio on concrete sub jected to revibrati-on of 2'min./
4 hrs. The waler/cement ratios cornpared are 0,4, 0"45u 0.5

anci 0,6 respectivel-y" ilonerete with water/cement ratio =

0.4 clearly is much strcnger than the others and gains th:s
advantase quite rapidly; strength curves for the others

seens to converge at lO days and subsequently possess almost

identical values" Tabll XXIII cmmpâres these strength

curves quantitat ively r

TA ]LE XX IT I

w/c Ratio rtRela.tive Compressive Strength
1 Day 28 Days p0 Days

o"6 r"0 1"0 1,0
o"5 f"f5 1.0 1,0
0,45 L"?-5 I,O 1"0

r+ Compared to Concrete with W/C Ratio = 0"6
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F'i¡-. J¿l ¡ lielirtive SLrenfbh curves f'or concrete f'or

dif'ferent revibration charac;teristics (Revib" characteristic¿
'i nin,/L hrs.; Sei,s B)"

i{ere the ef f'ect of d if ferent waLer/cement ratios is

comoa.red on eoncrete subjected to simultaneous revibration

a.nd stearning" Again eonerete with water/aement ratio = 0"4

is by far the stroneest, foltowed in descending order by

concretes with water/cement ratio of a "45, O " 5 ancl O "6 "

ljsin¡'concrete with water/cement ratio = O"6 as base, strength

sain f'or the others is É'iven in Table XXIV"

.IABLE XX IV

II¡]I,AT]VE STRENGTHS OF CONCRETE WITH DTITFERENT
'/VA',riR/cEr\,iENT RA',rros¡ (REVrts, 2 Mrl\"/4 HRS: SEÎS B).

,.. /.- rf Relative Compressive Strenethw/t) HatÌn 
çF_ffi-

o.5 + I?"/, + 5'./, + 7%

o.tt5 + 29% +j0'Á +30úh

(t L¡. + 3O/" +IB0l" +]-IO,4,

+ Con,pared to Concrete with W,/C Ratio = 0.6,
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5,(' Ef'f'ec¡ of Non-repeatecl Re_vibratjon,

Batch L? (water/cement ratio = 0.5) consisted

of five sets which were subjected to various periods of

delayed revibr:ation; the duration of revibration was z

rninutes in each case and was applied only onceu not

repeated as in the case of other batches, A sixth set was

cast as a control set and not subjected to any revibration"
Al1. sets were however vibrated initially during casting -bo

ensure proper compaction" The test age for this iratch was

97 days; the test results are given in Table XXV"

TABI,E XXV

EFFECT OT' DELAYED REVIBRATION OiU COMPRESSIVE STRENGTH
(DURATToN oF vrBRATroN = 2 MrN.,6, wATER/CEMENT RATro =

0,5a TEST AGB = 97 DAYS

Set Delay Period for
Revibrat ion

Compress ive
Strength, P"S"f,

Fercentase gain (+)
or loss (-)
comoarecl to Set F"

f hr, after castt q 7870 4q,

3 hrs, " !Û 8 530 4%

?930 4/"

l0' 7320 - LL%

L6 ¡r ?B \O 4/'

No Revib, ( Control
Set ) 8220
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Results of Table XXV suggest that for concrete

with water/cement ratio = O"5u a non-repetitive delayed

revibration of 2 mins" does not make a significant
rl if f erence in the Iong-term compress ive strengths " 0nly

one set, revibrated once 3 hours after cas'cÍng, showecl any

increase in strength over the normal air cured conerete"

This sain was of the order of 4/"" The set revibrated 10

hrsu after casting showed a loss of L7/, ano the rest showe<i

a loss of approximateLy 4% compared to the control set"

Therefore it is apparent that no appreciable difference is

indicaterl in compressive strensth due to delayed revibration

for thís specific case,

5.? Relatjve Conpressive Strengths Using Tabulated Test_ Data.

In view of the fact that a strength-age curve is

an o^verage anrl therefore an approximate representation of

actual test data, Ffêcise strength comparisons at any

pa::ticular: age are not possible if the values are obtained

from these curves" Results of strength tests at ciifferent

ages a:re sulr ject to nurnerous variables even though they are

rnade on specimens with the same normal mixes¡ not the least

of these variables is the curing conditions under which the

specimens have been stored before testing" Therefore to

evaluate precisely the effect of the different processes

on the compressive strength of conerete, figures from actual

test data are used and assembled in Table XXVI" (see Table

!¡III, p. L}O, ancl APPendix A)"



C Oi,'/iPIìESS lVE STRENGTH
PROCESSES" (TEST AGE

L47

TABLE XXVI

OF CONCRETE SUBJECTED TO DTFFERE¡{T= 20 HR.S", REVIB" CHARACTEFìISTICS¿
2 IVïINI "/4 HRS,

w/c
Ratio

Batch
No " Part icul_ars

Revib" Revib. &steamed
AB Steamed Air Cured

r1-UU

oIL I3 Cornpr" Str" Jo60+ LL%
55zo
+LoL%

48lo 2?50
+ 76%

0"425 L1. Compr" Str. ?,'lLto
+ ?-Z',/, "0404-r32%

5060 2\?o
+r34%

0,45 34 Compr, Str" 2240
+ j0%

)?L0
+LI4"/"

4ooo t73r
+L32%

0,5 30 Compr" Str, L3 50+ 57%
j410
+296,t/,

3250
+278%

860

Note ¡ Gain (+) or Loss
a percentage of
Strength,

l+. (-) is
the Air

expressed as
Cured Concrete

study of the ciata from Table xxvr ,in¿.ica.tes that
at early age (upp"o* " zo hrs, ), there is a crefiniie gain in
colïpressive strength of concrete crue to revibration,
stea,"nins and a combinati¡rn of these two processes" The
strength gain in Table x,,(vr and in this test is expressed as
a percentage of the flofr';11 air cured concrete strength.

Generarry spe.king, the effectiveness of steam
curing is m'ch more than of revibration on early strength
gain, For concrete with water/cement ratio of 0"4, the
strength gain due to stea.m curíng is ?6% ag,ainst IL% aue
to revibrations; LJ4'/" against 2?% f or water/cement ratio of
0"l+z-Js L)2"/, aqainst jo/, l'or water/cenent'atio of o"4J; and

2?B''/" against 5?% for watt,r/eement ratio of 0"J"



^nd 
'l??,'/" a.r.r,àLnst 5?% f'or wat,er/cement rat j o of O " 5,

148

r)îf eet of combining steam curing and revibration
cornnarecl to that of steam curing alone seems to irrdica,ce

soÍìe advantaqe for concretes with water/cement ratio of
0.4 and 0.J but a marginal disadvantage for concretes with
water/cement ratios of O,lIZ5 and 0,45. In the case of
concretes with water/cement ratlo of 0,4, sei (B) showed a

strength gain of L}l"/, as against ?6% i'or Set ( C ) ,

In alt cases e the strength sain at early age

seems to increase wíth increasing water/cement ratios" rt
ranses from 11% to 5?% for Set (A), LOI% to 296% for Set

(B), ancl ?6% to z?B/, for Set (C), for variation of water/
cement ratio from 0,4 to 0"5" Therefore the most gain due

to these processes appears to be realized in the case of
lean rnixes 

"

TABLE XXVII

COI{PRESSIVE STRENGTH OF CONCRETES SUBJECTED TO D]FFERENT
PIìOCESSES" (NOM" ÎEST AGE; 28 DAYS; REVIB" CHARACTERTSTICS:

2 MrN./4 HnS" ) "

w/c Batch Revib" Revib" &seamed steamed Air ÕuredRatio No. Particula.'s A B C D

0"4 Strengthr'SI
)i

B+50 BØO 9230
+ 9q"

8500
0 +2/"

o,t+5 )5 Strengtho PSI 5If0,;¡ + B%
5230
+LIfo

466o
-L%

4?30

0"5 ?? Strength u PSI 4980
'rf 0

3770
-24%

5020+ 2/"
4g_40

0"6 )7 Strength, PSI 5000 43oo 44zo 45zo''t +I71" 7f, - Z/, -
asa

percentage of the Air Cured Concrete
Strength.
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Tabre xxvrr shows cornparative strength varues
at a norninal test age of zB days" The appreciabie
strength gain at earry age seems to have been rost and the
advantage over normal air cured concrete due to the different
processes is onry nomina], if thats some of the steamed

and revibrated (set B) specirnens show a loss of strength"
This is in keeping with the findings of other researchers
( z) ' ( 28 )",.r¿ ( 3l ).= 

f ar as the steamed spe c imens are
coneerned" But concrete with water/cement ratios of o,þ and
(t"45 stiil shows a sliqht gain for set (B) cornpared to
norrnal air cured concrete" set (A) subjected to revibration
only stirl seems to horci an edge and shows up to LL% gain
over normal concrete"



CHAPT!]R V-I

C ONCLU S ]Oi\ S

'Ihe following represents a gist of the
conclusions that can be drau¡n from the results of this
research c

r" Repeated revíbration at short intervais during
the first two hours after casting can cause

serious damage to the setting concrete

2. Early strength generally showed an increase
due to all, the processess revibrationo steam

curing, anci a combination of the two. Greatest íu

increase in early strength was obtained for
concrete sub.iected to combined revibration and

steam curing, Iess for stearn curing on1y, and

Ieast in the case of revibration only"

- 750 -
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j, A loss in strength was obtaineci at 28 days and

Iater ages in most cases of sieam cured and

combined revibraied and steamed specimens"

Generally concrete subjected to revibration only

showed some increase in strenqth over normal air

cured concretes ¡ only in a few cases was there a

margínal loss in strength due to revibration.

4. In the case of specimens with water/cement ratio

of 0"4 and subjected to revibration onlyu re-

vibration of 2 min" every 4 hours yieided the best

resultso followed by B min, every 4 hourso and +

min. every 4 hours respectively"

5" With water/cement ratio of 0"4, specimens subjected

to revib" and steaming simultaneously showerl

sreatest gain in strength with revibration of å

min" every 4 hours at earty âÊ€u and with 2 min.

every 4 hours at later ages " 'ÍÍ' ,&

6" With waler/cement ratio of 0"4 and revibration only,

revibration of 2 min" every 4 hours yielded greater

strength at early aee compared with revibration of

4 min" every 4 hoursn but lower strength at later

ages o

?, With water/cement ratio of 0"4 and combined

revibration and steaming, there is very l-ittIe

rì ifference in strength of concrete revibrated 2

min" aT, 4 hours or /+ minn ât 4 hours"
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For concrete revibrated at 2 mine every 4 hoursu

strength increases with decrease in water/cement

ira.tios " Strength increase in the case of water/

cement ratio of 0"4 is rnuch greater than ihose of

0"45, 0,5 or o"ó"

The above observation is true also for concrete

subjected to combined revibration and steam only'

Delayed vibrationu i"e" revibration repeated only

once after casting showed no definite gain in

strength at later ages for watet/eement ratio of

0,5.

10.
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APPEI'IDTX A

CASTING AND TEST REPORTS¡ BATCHES NO. 9

Explanat ion of Abbreviati-ons Used ¡

Description of Specimenr
c-
D-

39

defective cap,
evidence of deep holes or
cracks on surface 

"evidence of mortar loss"
pock-marked surface,
smooth surface 

"

bond failure between mortar and
aggregate, and/or shear failure
in mortar,
explosive fracture of soecimen"
edee failure of specimeà and/or
cap failure,
tensil-e or benclins failure.
vertical- spl itting of specimen
cluring failure
wedge or cone
and/or bottom
spe c imen .
diagonal shear
values marked thus have not been
incLuded in average strength
computations; they pertaiñ to
cases of edge a.nd/or cap failure,
or to defective specimens"
pertain to cylinders cast with
thermocouple wires embedded in
them.

L58

Mode of Failure ¡

M-
P-
S-

B-

11=

F-
ñ1-

W-

X-
Cyl inder Strength ¡ r$-

formation at top
during failure of

Specimen No, rnarked with*,



L59
C$STTNG AND TEST REPORî

Batch No"

w,/c R¿tto ¡

t

SET CLASSIFICATTON ¡

-

q

0,4

2 min" at 4 hrs,

Rgvibrat@d, n u o ó o c s o " u " u "ARevib" and Støemedu, " o n oB
Stgamgdo e ó o c eo c o o o o u " o o "CAir Curøduu, u o ø ø e s"n o oo uD

For last 9 da¡¡s in air.CiJRING C0NDITI0Nq¡ Fos"

TEST RESULÎS ¡ rest Ase o 3T 5tf,# 
(nom" )

SEQUENCE CF OPER.ÄTTONS¡

Date ¡ Time Part iculars Temperature
Z?..4.611 9: OO a,m

1¡0n Þ.m
2:00 rr

5z0O r!

e¡00 ,.

T ,4,6t1 I : 0O a. m
j:00 r'

Castine
Revib" 2mins" A&B
StartStearning, B&C
Revib., 2 mins. A f,¿ B

t0 t¡ t0

l! 9¡ r¡

Stop Steaming. h{gsAFTË,9, CAST!ôJ6

ïdeal Ternp e:*
E@am chest

Vib. fable

Des cr i pt ion
of Specimen

Mode of
Failure

Cylinder
Streneth s ps i

Rev ib , C, S
P
c, Do P, M

8040
B45o
?t+zo

Revib,
and

S te amed

S,
ùe

ò

8400
7940
B8 50

Stearned

Air
Cured

L

2
1)

Pu M

D, IVI, C

P, M, C

8gl0
Bt40
8450



W,/C RATIOI

REVIBRATION CHARACTERISTTCS ¡

SET CLASSIFICATION ¡

SEQUENCE OF OPERATTONS¡

CURINc CONDIÎIONS ¡

TEST RESULTS ¡
" r0 days (norn)
Afrc a;'i¡6 hrs .

CASTTNG AND ÎEST REPORT

Batch No"

r60

4 hrs,

0 ø o ø o. o c c o o r aA,
Støamed"u,oouB
o g o e o o o o c 6 u o 

"C
ô o o o o o g I o ô u 

" 
uD

10

0.4

2 rnín, at

Revibrated 
"Revib, &nd

Steamed" o o 
"Air Curød.,

Test

Date c Time Part iculare Temperature
25,4,64 9¡00 a"il

I¡00 poÍ
?.tOO Þ"tr
5zOO p,n
Ç:00 P"n

26.t+"64 l:00 a.l
3 c 00 

^"tt " Stop Steaming"

" Casting"
o Revib" 2 min" A

" Stai:t Steaming
" Revib" 2 min" A

& B"
B & C"
& B"
t¡

!¡

Þ0a5AFrÐ@, cÂ,sï¡Àê6

Ideal Temp ¡%
Steam Chest
Vib, Table

87@

ea
otæ
A.
g9@
a")
r- 5t

Des cr i pt ion
of Specimen

Mode of
Failure

Cylinden
Strene'th s ps i

Rev ib 
" 6o 5o

7T50
7000

Revib 
"

ancl
Steamed

5890
66ço
6zzo

Air
Cured

4
l-

2

3



SASTTNG AND TESÎ REPORf

Batch No"

W/C RATIO ¡

- 

eoreceooaroogeeoo.g€

REVIBRATION CUARACÎERISTICS ¡

SEl CL{SSIFICATION ¡

SEQUENCE CF OPERATTONS¡

TEST RESULTS ¡

L6'r

l1

0"4

2 min" at 4 hrs"
Rgvibrat@do u o o o o o o o o o o n uARevib" a,nd Støamedu u o o . oB
Steamgdo e o o o o, o o o o u n u " n "CAir Cunødo" u " o o o o o " u. o " oD

9 days (norn. )Test Age a ZZZ ]nrs

Date ¡ Time Part iculars Temperature
z_7,4,64 B:OO a,m.

12 ¡ 00 noon
l;00 D,m.
4:OO i,.*"
B:00 p."il"

I?.200 m"rlu

?.8,4.64 2:OO a.m"

Cas t ing.
Revib" 2 min, A
Start Steaming B
Revib" 2 min" A &8"

l¡

Stop Steaming"

t7@

s¡@
Lt
5ø@
d
þ5@

Þ{A5AFÎE@, CAST¡åé6

ïdeal Sernp ¡%
Steam Cheet
Vib" Table

CURING CONDITIONSc

Des cr i pt ion
of Specimen

Mode of
Failure

Cylinder
Strene'th I ps i

Revib, 797a
7?40
B 580

Revib,
and

Steamed

7780
7j30
7390

Stearned

?000
74?-0
5?30



W/c RATro! .,..e€aoo,ooe.oreeooooo o"r+?g.

?ASTTNt ÂND TEST REPORT

Batch No" 72

REVIBRATI0N CHARACTERISTICS_r u, o u 
"

SET CLASSIFICATION ¡

SEQUEI-CE CF OPERATIONS ¡

CURINc C0NDIlI0NS¡

lESf RESULTS ¡

2 min" at

Revibnated.
Revib. &,nd
Steamed" u " o

Air Curød" 
"

162

¿l Þr nq

o þ o g ¿ o o ô e o, u oA
Støamednuuo"uB
o e o ô ø c o o ø 9 u u 

"C
e o o o o g o o o c u u oÐ

Test Agee ZL hrs"

Date I Time Part iculare Tempera:ture
28"4,64 5¡00 Þ.ñ,

9200 Þorrìu
I0¡00 p"íto

?-9,t+.64" lcOO a"rnc
5:00 a.om.
9 zO0 âotrro

ll ¡ 00 âotTì 
"

Casting"
Revib" 2min, A&8"
Start Steaming B 8r C,

Revib"2min"A&8"
t0 9! lt

e¡ t0 1û

Stop Stearning" }{esÁFTF,@, Ce|5T¡eJ6

Ideal Temp o%
Stqam CheEt
Vib, lab1e

t7e
¿á.

aåffi
e
s9@
e")
Þ5ô

Description
of Specimen

Mode of
Failure

Cylinder
Streneth E ps i

283o
2640
r 340

Revib.
and

Steamed

5000
48 00
5320

Stearned

l{e j sht
It

tt

1oÞ-10'
¡l

tt

?,090
2]_60
7.260



1,6j
O+STING AND TESÎ REPORf

Batch No,

easoo

,

SET CLASSIFICATlON 
¿

SEQUENCE CF OPERATIONSc

TEST RESULTS ¡

I)

0,4

2 mi.n" at 4 hrs 
"

Rgvibrated" n u o o o o o cRevib" and Støamed"
SteamgdÊ o c o o o o o o s o o

Air Curødn"uuoooooo

co

oó

oo

o0

co

.A
oB

"c
"D

Test .4,ge c 20 hrs 
"

n^+^uð_ue : i lme Part iculars rempuratu"* -î
30,4"64 6c00 Þ"ml0¡00 p"rrì

I'1.: 00 p, m

?- ;00 a.,m u

6zOO âoûìo
l0:00 a"mu
L7.zOO a"rno

Cast ing 
"Revib" 2min. A&8"

StariSteamingB&C,

Revib. 2 min. A & B.
¡0 tQ c0

I¡¡¡t

Stop Steaming"

ïdeal Temp.%
Støam Cheet
Vib, Tab1e

q_URINc CONDITILTNS ¿

Des cr i pt ion
of Specimen

Mode of
Fa ilure

CyI inder
Streneth s ps i

Revib 
" )020

3TBO
2970

Revib.
and

Steamed

5250
56oo
5700

St e arne d

Air
Cured

7

2
'))
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O¡STIN-G AND TqST REPORT

Batch No 
"

W,/C RATIO ¡

SET CLASSIFICATION ¡

TEST RESULTS ¡

l-4

0"4

2 min" at
Revibrated.
Revib, &nd
Steamed" 

" " "Air Curød. 
"

4 hrs.

êcooeccceooc

Stggmgdeooo.
o o o o o c.ó o o ø Ò o

ooao0cooooao

"A
oB

.D

Test Age ¡ ? days (nom"
17? hrs"

SEQUENCE CF OPERAÎIONS ¡

qURING CONDITIONS:

Date : Time Part iculars Temperature

30"4"64 6tOO p"n
t0:00 p,m
l1:00 p"ill

L, 5.64, 2: O0 a " rn6¡00 a.m
l-0:00 a.m
12 I 00 noo

Cas t ing 
"Revib. 2 min. A & B"

Start. Steamine B & C"

Revib. 2 rnin. A & B"
l¡ t¡ tD

ll l0 rr

Stop Steaming" b{g5AFTä9, CASTTAJÆ

f deal Temp.%
Steam Cheet
Vib " Tabl-e

t70
b
a0&

5ø@
a")þ5ô

Set No. Description
of Specimen

Mode of
Failure

Cyl inder
Strensth s ps i

A,v. Stren6çt
p8r 

I

Rev ib "
1

2

3

.f)
Lg

P
Þ¿t M

Er T, B
E' El

É' fn
u9 L

6t9o
68 50
6930

6660

Revib.
and

Steamed

1

2
.)

,

e11

M, Co P

H
L¡,

F
t¡u9

W

F

69oo
6o60
4zLt'o

ìf
l+

69oo

Stearned 1

2

3

S, M

P
e

F' EI¡-Jt r

Eo X
F

7280
7r206090 .*'

?200

Air
Cured

7

2
)

P
P
P

E, W

E, W

E, W

6fi0
6 5Bo
6Bj0

6680



ro)
CAS:I ÏNG AND TEST REPORT

Batch ¡r¡s" l5
w/c RATIO: ^ ¡,

e o o o o o . o c û ø ø ø a ø s e o o o . o Uo +

REVIBRATION CHARACTERISTICSs 
o o n . 2 min" at I hr"

Revibrat@du u o o e o o o u " " u " oA,
Revib" End Støgmedu " u o ouB
Steamgdo o o € e o o c s o o o n " u " uC
Air Curød,u u n e o o e o " o o o no oD

SET CLASSIFICATlON s

SEQUENCE CF OPERATTONS¡

CURING CONDITIONS ¡ Air Cured

TEST RESULTS ¡ resr Ase ¡ :3rå^ili. 
(nom"

Dale ¡ Time Part iculars îemperature
L,5.64 ?zjo p"ì

Bt3O p,r
9 z3O- ll:30 hor

?_ " 5.64 r?- z)o a,t

l¡J0 a"m.-12¡31
hour.

I¡30 p.r

" Cast ing"
. Revib" 2mln. A&8.
rl r¡ r! ¡¡ e0

Start Steaming"

D"m, Revibo 2 miyt" A & B

v
" Stop Steaming.

&tø5ÁFTe@ CASTra¿6

Ideal Semp
Steam CÞreet
Vib" fable

!76

o ¡.$@

À
%@@
e")
Þ50

Des cr i pt ion
of Specimen

Mode of
Failure

Cylinder
Strenøth a ps i

Revib 
"

xtens ively da
t¡

l¡

mens .t$

IT

x

Revib.
and

Steamed

l*
It
*

Stearnecì

)



CASTING AND TESf REPORT

Batch No" L6

o I g t a o ø o 0 0 0 0 0 0 0 o o o 0 09

REVIBRATION CHARACTERISTICS ¡

SET CLASSIFICATION c

166

0,4

2 min" at I hr.
Revibrat@du n, o e o o o o o u,, uA
Revib" &.nd Støgmedu " u o o "BStgamgdo o 6 o o oo o o o n u u n " n rÇ
Air Curød" " u e o o o o u, " o o u uD

SEQUENCE OF OPERATIONS¡

Date r 'lime Part iculare Temperature

L"5,64 ?z3O porrì.
ó; )\) p"m"
9 t)]-lt ¡ 30

hourly

2.,5"61+ LZz)O â"fl.ru

Lz)O - LZzlO p"m.
h ourly

r: lo

min" A & B"

Íc ¡¡

lt!to
ó¿

Steaming"

Revib" 2 min"
Stop Steaming,

Cast ing"
Revib, 2

il

tl

Start

DUr

Þ0Ê5AFre@, cAsT¡a@

ïdeal Temp
Steam Cheet
Uib" Tab1e

l-+

CURING CONDITIONS¡ Air Crrred

TEST RESULTS ¡ rest Age , :lot"#" 
( nom,)

Des cr i pt ion
of Specimen

Mode of
Failure

Cyl inder
Strenath o ps i

Rev ib . Extensively d
t¡

¡l

aged spe imen ìt
f

JT

Revib 
"

and
Steamed

Stearned

ADut t
S, P
Q r_)¿t I

7300
7B6o
?660



L67
!ê_sllNc AND rESl REPORT

Batch

w,/c RATro! ou" eoooooûoee€

REVIBRAÎION CHARACÎERISTICS¡ 
"

SET CLASSIFICAllON ¡

SEQUENCE CF OPERATIONS¡

CURING CONDITIONS¿

TEST RESULTS ¡

Fog cured except last 6 days"

Test Á,ge ¿

No" 12

0"495

As noted,

Revíbrated 
"

Air Cured
o900coo90ócø "ArBocuÐuE

F

97 days (nom"
23ZO hrs"

Date ¡ T ime Part icul-are Temperature
?-.5"64 B:IJ p"m

Bz4J p"m
!rlJ p"m

Ilr15 p"m

J,5,61" 2¿4J a.m
6 r45 â.rlr

L2245 a"m

Casting of Ao B, C"
Casting Du Eu5'u
Revib" 2 min" A"

r0¡tÞ

90

9¡

C"
D
E ü4g5APTg@, CASTteüG

Ideal Temp e%
Steam Cheet
Uib" Table

r7@

þb
s ôS@

e-
s9@
ê"Ì
þ5û

Des cr i pt ion
of Specimen

Mode of
Fa i Iure

Cyl inder
Streneth s ps i

Hev rb, ¿l 79 50
7790
z66o

Revib 
"

Revjir"

B 540
8600
8460

R.evib 
" L

2

3
S
e

( contd 
"



168
OASTING AND TEST REPORT

Batch No" I? (ContO" )

t

SET CLASSIFICATION ¡

SEQUENCE CF OPERATIONSe

CURING CONDITILINS ¡

Date r T irne Part iculare lemperature

sv@

o8ffi
e
ss@
ùù
Þ- 5ô

HËsÁFTE@, CASTIMG

ïdeaI Temp.@
Steano Chest
Vib " Table

TEST RESULTS ¡ Test Aae ¡

Set No Des cr i pt ion
of Specimen

Mode of
Fa ilure

Cylinder
Strensth I psi

Av. Strengt,
psí i

Revib" E 1

2

3

QA É'mD9 r

E, X
E, W

64oo ìr

789o
78oo

78 50

1

2

3

(.'lot F
Revib" )

1

¿

) S

Eu W

Eo X
Eo X

I 280
B 200
B1 70

8220

L

2
a)



Batch

vl/c RATror u o uo eo ecsûooo@eooco

REV]BRATION CHARACTERISTICS¡ 
"

SET CLASSIFICATlON ¿

SEQUENCE CF OPERATIONS s

CURING CONDITIONS¡

TEST RESULTS ¡

L69
CASTING AND TEST REPORT

No" 18

o o o o o 0"4"

coo6o å min, at 4 hrs,

Rgvibrat@d. o " o o o o øu u n " o,A
Revib" and Støamedu u o u u.B
Steamedo o. o e q o o o o o o o n o o oÇ
Air Curødn " u o o o o o o, " o u " uD

test Age s 20 hrs.

Date r 'lime Part icuiars lemperature

3" 5"64 6eOO p"fr
l0:00 p"ffi
ll:00 p"il

4,5"64 2¿ OO a.m
6¡00 a"m

I0 ¡ 00 â"¡n
I2:00 noo

Cast ing"
Revib" f min" A&8"
Start Stearning"

Reviir. åmin. A&ts"
tc 0t ¡0

tt r0 09

Stop Steaming,

ïdeal Temp
Stqam Cheet
Vib. Table

Description
of Specimen

Mode of
F'ar_Iure

Cylínden
Strenøth a ps i

Â,v" Streng!

Revib. 2760
29t+o
28?o

Revib 
"

and
Steamed

M

i\il

IVI

Stearned



T?O

OASTING .,{ND TESî REPORî

Batch No"

w/c RATroi oo oose o 6o6o0 o€€ c oeoø oø

REVIBRATIoI\ çIj4BACTEBiSTICS s" . " . "

SET CLASSIFICATTON ¡

CURING CONúITII;NSr

TEST RESULTS c

L9

0"4"

å min" at 4 hrs"

Rgvibrat@d" o, o c o o o.o u o " " uA
Revib" &nd Støgmedu u n u " uB
Steamedo ô o e o q o o o o o o o o u o oe
Air Curød,o o n u ò o o e o " " o " " nD

3 days (nom"
Test Agec ?g his"

SEQUENCE CF OPERATTONS¡

Date r 'Iime Part iculars îemperature

3"5.61+ 6¡00 Þuffi
l0¿00 Þ"fi
lI¡00 p.ffi

It,5.64 2:oo a.m
6zOO âufi)

10;00 â"ût
I2:00 noo

Cast ing"
Revib" -| min" A & B"
Start Steaming"

Revrb. *min" A&8.
¡t e0 t¡

¡0 t¡ !u

^;>rop Stearn fngo

[76
üÀ
o tå6
e
%@@
èù
Þ56

${ø5AFT&& CASYrÀK

Ideal lemp
Steam Chest-
Uib. Table

Des cr i pt ion
of Specimen

Mode of
Fa ilure

Cylinder
Strensth I ps i

Rev ib 
"

De M

DU M

D' M

5L6o
5t+go

Revib 
"

and
Steamed

M

M

M

Stearned

P
P. i\/i

lJo M



CASTING AND TEST REPORT

Batch No" 20

w,/C RATIO: "" " ! øoc eooos o. D oùo o€o o 0,4

REVIBRATION CHARACTERISTIcSE"ooo" } min" at 4 hrs"
SET CLASSIFICATION ¡

t77

Rgvibrat@do n o o o o c o u " o. o.A
Revib" &nd Støamed." u o uuB
Steamedo áo o c o c o o o o. n u u " oC
AÍn Cungdu u u " e o o o o e o o iu oD

SEQUENCE CF OPERAÎIONS¡

DaT.e c T ime Part iculars Temperature

5,5"64 ?zOO Þ"rTt
1ì r00 p"m
12¡00 m.n

t'.:,64 3zOO a"m
?zOq ¿ì'm

1l¡00 a.m
l;00 Ð"m

Cast ings.
Revib. å min, A & B"
Start Steaming"

Reviir l¡ min" A & B"
l¡ 00 9û

t¡ ic ¡¡

Stoo Stearn ing" Þtø5'AFrÞe, CASTNA{&

ïdeal- Temp
Steam Cheet
Vib. Table

[?ö

sû@

590
E"ì
$- 5t

CURING CONDITIONS I

TEST RESULTS ¡ Test Ase c Tr$"ili"(nom" 
)

Des cr i pt ion
of Specimen

Mode of
Fa i lure

Cylinden
Streneth a ps i

Rev ib , P

P
P

Revib,
and

Steamed

P
P

P

Sqqo
6lto
48ro

Stearned

P

P

P, D



l/

CASTING AND TEST REPORT

Batch

w,/c nar lo :

REYIBRATION CHARACTERISTLÇS T" .

-

SET CLASSIFICATION ¡

No" 2l
al,

o ' o U.+

ooa l-- rnin. at L¡. hr-s,

Rgvibrat@d" ",, o o.ô, o n o o u oA
Revib, and Stmemed" o n o. oB
Steamedo o o o o 6 o o 6 ð o. o o o. oC
Air Cunød,,. " " o o o e on ".. " ;D

SEQUENCE qF OPERATIONS¡

Ðate : Time Part iculars lemperature

5, 5,6t+ Z: OO F " nlI:00 p"flì
-l-2¡00 m,n

6,5,64 ?;oo a,rn
7:00 a"rn

ll:00 a"m
l_:00 p.rn

Cast ing 
"Rev-rb. å min, A &. B.

Start Stearn j ng"

Revib"åmin"A&8.
noaaltr

to !t li

Stop stearnins, Þ{øsAPTÐR CASTrÀJ6

Ideal Temp
Steam Chest
Vib " fabl-e

t76
TAotM
À
s@@
¿.)
Þ- 50

CURING CONDITIONS:

fEST RESULTS g

)r,

Test Ase ¡ ll ^a"r= 
(no'r' ^\,.. nrs.

Set No, Description
of Speeimen

Mode of
Failure

Cyl inder
Streneth s ps i

Av. Stren
p8i

Revib, 1

2
3

ò
S
S

P'u 'l
I.-o T

4ooo
37 50 ìt
t+?Ao

tr39o

Revib 
"

and
Steamed

1

I

3

(f
^)

c V

63oo
5?L+o
5t+qo

r2LtD

Stearned 1+
2
3

J

J

"')

6(i9()
lr?l O
(,'),, t

(, r,?.(7

Air
Cured

I
2

3

,)
ai,.)

Ì;ì

Llv?(l
64s,a
6t 60

6tJ.<O



1 f)'>
l.j

-CASTTNG AND TEST REPORT+üæær@;4;;ñ

Bateh No " ?-'l-

REVIBRATION CHARACTERISTICS¡ . .

SET CLASS.iFICATI0N E

SEQUENçE CIF OPERAÎIONS¡

CURING CONDllTONS;

ÎEST RESULTS¡

o.o B min, at 4 hrs.

Revibrat@du. o e o o o. o n n o o.A
Revib" and Steamed" " " o o nB
Stgamedo o. c e e 0..,. o n o o o o nC
Air Curedo,. o, o, o cu " o o u oD

7 days ( 'e:n . )Test Age s ) gL! hrs.

Date r Time Part lculars Temperature

6.5,64 ? 30 p"r
l.l:30 p"fl

?,5,6t+ l_Z; j0 ã"r
3230 a.ñ
7tjj a'n

ll-;30 ãnfl
l.: ?0 p.rT

Casti,ns"
Revib" U min" A

Start Steaming.
Revib. fl min" A

tr li

t! t!

Stop St,:arning"

DDâ

& B"
tt

l!

ÞiøcAFT¿A CASTtM6

Ideal Temp ¡€
Steam Chest
Vib" Tabte

t70
s
ol@
d
5$@
Ê"ì
¡- 50

Des cr ipt ion
of Specimen

Mode of
Failure

Cylinder
Strena'th s ps i

Av" Strengt

Revib,

Revib 
"

and
Steamed

ù

Stearned

Q

Pu C



1?tr
SASTING AND TEST REPORT

Bateh No " ?.j

w/c RATIO8'."o.,ooo oâoooôoo, 0"4

REVIBRATION CHARACTERISTICS.Tn"oon g rnin. at,,1+ hrs,
SET CLASSIFICATION I Rgvibrat@dn u o o u,. o u " o o " nA

Revib" and Støamed" " o. o,B
Stgamgdo o, ô o o,, o o o o o. o o oC
Air Curødo o o. o. o o o o o; o o,D

SEQUENCE CF OPERATIONS¡

CUR ING CONDIT IOI\S :

?.8 days (non 
"IEST RESULTST Test Aser ,'"r Y " 66? hrs .

Date : Time Part iculars Temperature

6,5"64 ?zÎ,o p.ft
lI:30 p"m

? " 5,64 LZz30 a.m
l: l0 a,m
7z3O a"m

II:30 a.rì
l;30 p.n

Cast ins.
Revib, B min" A

Start Steaming.
Revib. 8 min. A

l! it
rcI

Stop Steaming.

ú.

&B
ù!

1.0

Þ9øSAPlee, CASTtS¿6

Ideal Temp.---
Steam Chest
Vi'D " TabIe

t7e
Àa,olffi
s96
dtr50

Set No, Description
of Specimen

Mode of
Failure

Cyl inder
Streneth I ps i

Av. Strengt
p81

Revib, 1

2
?

P
P
P

E, V
F'T
E, V

7o40
3\00 r+

6zgo
692-o

Revib 
"

and
Steamed

1

¿

J

S
nu V
F
1o V

63 5o4ooo r,{.

5]-4a
574o

Stearned Irr
L

)
J

P

E' V
Eu V
Ee V

6lto
5800
5?.Lo

5?70

Air
Cure d

1

2
.)
)

P
P
P

E, V
EO V
þ1, V

77TQ
T69o
7 550

76 50



3ASTING AND TESÎ REPORT

Batch No, ?_4

w/c RATro! .ooo,o,o,.c! ooooo.ooe. 0.b

REVIBRATION CHARACTERISTICS¡ . .

SET CLASSIFICATION ¡

1?5

ooo B min" a.t 4 hrs"

Rgvibrat@do u o o ", o o o o . o o.A
Revib" and Steamedu o o. n uB
Stgamgd ø c...o ô. o. o o o o o . oC
Air Curgd. oo c. oo ô o o ". o..D

Test Age r 2¡ hrs.

CURING CONDITIONS:--

TEST RESULÎS¡

SEQUENCE CF ÇPERATTONSI

Date r Time Part lculars Temperature

?,5.64 ? z3O Þ"
Ir30 p"

8,5.64 L?.2 jO a,
jrJO âo
1." jo a,

ll:J0 âo
I:30 p"

ì. Cast in6'"
r. Revib, tì nin, A & B"

rn Start Steaming,
roRevib"Emin"A&8"
ìo 

ll l! !!

ì" il 0r r!

)n Stop Steaming. ${ggArlsa, cAsTra¿6

IdeaI lemp ¡%
Steam Cheet ?
Vib " Table ?

!76
.Àsq!M
d
s9@
bì
!- 50

Description
of Specimen

Mode of
f'a r lure

CyI inder
Streneth E ps i

Av. Strengt

Rev ib 
"

19 50
L97o
I ol rì

Revib,
and

Steamed

Stearned

1

¿

3



L?6
OASÎING AND TEST REPORT

Bateh No" ?-5

w,/c RATIot"no oe,s. o,¿ooo. oôoooo ôø 0"4

REVIBRATION CHARACfqnIqTICS_r" o, " "

SEl CLASSIFICATION ¡

8 min " at 4 hrs.

Rgvlbrat@du o o, c o . o " n. " o oA
Revlb" and Støamedo o n" o oB
Steamgdø o ' o o o c r o o n o.o o o . o C

Alr Curgdnuo o r o o..oru. o u.D

SEQUENCE -oF 0PERATIgNS r

Date ¡ Time Part lculare Ternperature

7 " <.64 7 :.io p. m

II:30 n,¡n

8,5"64 l-oc30 â"fr
) z)0 a.m
7: j0 a"m

II:30 â"rl
l:30 DnIIr

Cast ing"
Revib. 8 min,' A

Start Steamins"
Revib. S min. A

rt tt

t¡ tt

Stop Steaming.

D!.

& B.
1l

?a

178
tÀo!m
À.
*@@
b)
û- 50

H@SAFTge. CASTrs.6fs

Ideal Temp
Steam Cheet
vib " rable ---. 

-
CURING CONDITIONS:

ÎEST RESULTS ¡

Air Cured"
6l+ ¿.ays (non.

Test Aøe ¡ I fiO hrs,

Set No Description
of Specimen

Mode of
Fallure

Cyllnder
Strenøth E ps I

Av. Streng!
Þsl I

Revib, I
2

)

Rr Pn l'{
P, M

P, I\4

Ë-ut

F
Ë.u9

F

l¡l

6150
(q00
720O

.Ìt- 7?,00

Revib 
"

and
Steamed

1

2

J

R, PO M, CÞÞr\ t L

RuM

F
Ëvu t /\

F

t+49Q

7290
4 5lo v-

7 ?gÕ

Stearned 1*
2

sn Pu l/1, c
S, IVIO C

Sr M

F
F
E, X

54ço
36eo
7j70

r

7??O,

Air
Cured

1

2
j

P

P

Pe D

E, W

E, W

F

7 7?'C)
? 550
óBoo Jt

tÁto



ngvlnnntt0ru CneR¿CrnFlSrrCS a

SE!-CLASS.r. F I C AT I ON ¡

172
j4EsrNç AND TEST REP0RT

Bateh No" 26

. z ø. e 2 min, at t hr. for, +'1¡gi

Rgvibrated o o c. êo c o o o n n o oA
Revib" and Støarñedu o " o n oB
Steamedo o. o c o o c o o o. o u o " nC
Aír Cunødu o " o . c e o o o. o " o oD

J hrs.
nnl r¡

EEQ.U¡N.E OF OPERATIONS¡

Date r Time Part lculars lemperature
8 " 5"64 T elO p.m

8ll0 p"m
9 230 and

Il: l0 p"m
hourly"

9.5"64 L2z)O anm

1;10 p,m

Cast ing"
Revib.2min"A&8"

Start Steaming,
Stop Steaming,

t7ø
ûàolS
$**
èt
¡- 50o4

ÞiøåAFle@, CASTtM6

ïdeaL Tenp
Steam Cheet
Vib'" fabte

CURING CÇNDITIONSI

,ÎESÎ RESULTS I
3 days (no¡n. )

Test Age ¡ 83 hrs,

Des cript ion
of Speeimen

Mode of
l.'atl-ure

0ylinder
Streneth a psi

Revib, Extensivety d lmen *'
*
l+

Revib.
and

Steamed

Stearned

S

Se P
J



CASÎING AND TEST REPORT

Bateh No"

REVIBRATI0N CHARACTERISTICST n o " .

IET OLASSIFICAIIoN r

SEQUENCE OF OPERATIONSI

CURING C0NDIf I0NS ¡ 
^ 

i r^ rl,rr orì

ÍEST RES.ULTS r

27

nb

2 min" at I hr" lor first
Revibrat@do n o ø o o, o o o ot,"lï' 

only'
Revib, and Støg,medn o n o o "BSteamgd, c o o, o o.o o ! " o o. o. nC
Air Curødn o " o o o Þ o. o o o o ".0

179

lest Age ¡ I days ( norn. )0 hrs.
4

Date r lime Fart iculars lemperature
8"5.64 ?zjo p"

B:10 p.
9 z3o

I1. ;10 p o

hourly.

9"5,649 T2zJ} a.
1;10 p.

Tr n Cast ing"
Tr.o Revib. 2 mi.n, A

tl t¡
& B"
ll

Tro Start Steaming
Tr " Stop Steaming.

HøÉAFTSE CASTIa¿{¡

Idea} Temp,-Þ
Støam CÞreet
Vib " lable

t70
&q,gÐ
ô,
ß@6
orì
r- 90

0 hrs,
Set No Description

of Specimen
Mode of
Failure

Cylinder
Streneth s ps i

Av, Strengt
p8i

Revib, 1

¿

3

Extens ive ì y
¡l

la

amaged sp(
t0

tl

e imens l+
illt

illÍ

Revib,
and

Steamed

1

2
1

!0

ll

ll

rc

tÞ

ll

ll

t!

t!

v

*

Steamed 1x
2

3

S
S, P
So P

E'V

E' V
Eu V

B 500
8050
?960

BtTo

Air
Cured

1

2

3

ò

^J
S

Ê'YL) I ¡r

r¡v
Eu X

7? 50
7790
7 550

7 530



179

-CASTING AND TEST REPORf

Batch No" 28

REVTBRATTON cHARAcrERrsrrcsr o o,, 2 min" at l- hru for rast
SET CLASSIFICATTON ¡ Revibrat.@dn " o 6 e o o o o o . o . oA

Revib, and Støamedo n... "BStgamgds a c o o e D ô o ô n o,, o o uC
Air Cunødnn" o o o o o " ". o o. oD

SEQUENCE 0F 0PEBATIONSa

CURING CONDITIONST Air Cured,

? )r ¡c'r )i) .: a

only.

TEST RESULTFI resr Ase o ?ZrlÌ,"{;= l"o'"

Date ¡ lime Part iculare lemperature
9,5"64 8: O0 p,

1.0,5,64 l¡oo àt
LZ noor
It00 p,
2:00 p.

rì o Cast ing"

:no Start Steam ing"
Revib" 2 mi.no A & B"

Tlo ll It lo

TIs ll ll It

Stop Steaming"
ww^v18.@, cASTrô¿G

Ideal 8ømp¡@
Steam Chøet
Vib, fablø

rfio
b
at@

5@@
å^ìÞ50

Description
of Specimen

Mode of
Failure

CyIlnder
Stre¡reth I psl

Av" Stren6g

Revib,

Revib.
and

Steamed

Steamed

Note: Test agp f or Air Cur-ed Set; 45 hrs"



CASTÏNG AND TEST REPORf

Bateh No,

w,/c Rarro r 0 0 0 e ø o a 0e 0 6 ó r óo c o o 0 0 6 0

REVIBRATI0N CHARACTERISTICS_!o n u o u

SET CLASSiFICATION ¡

1p,O

2Q

0,4

2 min. at I hr" for last
RevÍbrat@do u o e ô. o o o o o " o oA
Revlb" &nd Støømedn. n n o nB
Stgamgdû c. o o o o, c,. ! o o. r ôC
Air Cr¿rød" o u o o. o r ô n " . " o "D

J htr.s.
onl y.

SESUENCE 0F OPERATIONS¡

Date r Time Part icufars lemperature
9.5,64 B; O0 p"

L0.5"64 I¡00 ã.ø
12:00 no
l_c00 pn
2t0O Þ"

n" Casting"

no Start Steaming"
)n Revib. 2 mi.n" A
fìo rr ll

ll" tt t!

Stop Steaming,

&8.
!¡

!0

Þ{øSAFleæ, CASTTÀ,06

Ideal Temp¡@
Steam Cheet
Vib, Tab1e

t76
u
al@
*-^
Þ ãr{d

d
Þ5G

CURING CONDITIONST Fog Cured; except for 1ast 3

TEST RESULTS¡ Test

ciays 
"

Asec i3u!'ili.1'u*",
Description
of Specimen

Mode of
Failure

CylÍnden
Streneth r ps I

g86o
10,050
10, 300

l0 u 070

Revib 
"and

Steamed

Stearned

Cured | 2
R' P
R

R

Note * A mi.xtur-e
u.sed foir

c,¡f sulf'ur a.ncl a
c¿ìpping the test

b.lack Ðronrietai:.y colrloou.nr:j
spcìc lmens o



'l H-l

OASTTNG AND TEST REPORT

Batch No. 30

t

SET CLASSIFICATION I

ooo66 2 min" at 4 hrs

Revibrat@do 
" " o o ô ! o o u o u " nARevib" and Stæamedu u " o o nB

Steamgdo o o o o o o o o . " o o u o o "CAir Cunød,." o o o o o ô uu o o o oÐ

SEQUENCE OF OPERATTONSc

Date r T ime Part iculare îempera ture
L0.J,6t+ B:10 p,

11" 5" 64 L2 z)O a.
J_rl0 â.
4ì jo âu
8: J0 àa

L2zlO po
Zz)O p"

lm " Cast ing,
I

m, Revi'b" 2 min" A & B"
mo Start Steaming"
m" Revj-b" 2 minn A & B"
mo oo o! t!

m6 ll ìo oi

mo Stop Steaming. Þ{ø5AFÎe,ø, CASTfh¿6

Ideal Temp
Steam CPreet
Vib, fable

t70
ès
o tå0
â
s9Ð
b)
F- 56

q_u¡ INc CONDIî rONS :

ÎEST RESULTS¡ Test Age c ZO hrs 
"

Des cr ipt ion
of Specimen

Mode of
Fa ilure

Cyl inder
Strensth s ps I

Revib "
Ð nftI I lYig

S

13 50
L360
L330

Revib 
"

and
Steamed

S
se
v0

l10o
3 570
) 570

Stearned

Air
Cured

L

2
3

ù 87o
900
Íl?_o

Slump = 7" 
"

lnit.i.al vibra-bLon rju.rj.ns e¿rsting = I min"



CASTÏNG AND TEST REPORT

Bateh No.3I

wr/c RaÏrol âôeooôeooeoooooo oo oo 6o or5o o o o o ø e o g I o o o o o o o o o o 6 o tt o )

REVIBRATION CHARACTERISTICS_E,n,n" 2 min" at 4 hrs"
SET CLASSIFICATlON s

1 2'2

Rgvibratø-ð,u, oo o o o o u . " o " oA
Revib" and Støamedu " u u u oB
Stgamgdû o ! o o o o o o o o o o n o o "CAir Curød,." 

" o o o o o oo u o n..D

SEQUENCE CF OPERATIONSI

Date : Time Fart lculars Temperature

L0"5"6)+ 8¡30 pn

rL.5"64 rzzJo ào
I: l0 âo
Lvz3o a"
Brl0 âu

LZz)O p,
?.230 po

@

ô

Casting"

Revib" 2 min" A
Start Steaming"
Revib. 2 min, A

m!t
!lil

Stoo Steaming"

.l¡
Uo

& B.
t!

f0 !{øåAFTÐß CASTIM6

IdeaL Temp
Stearn Cheet
vib " rable _;-- _

t7€
uqEffi
&.
ffiøø*ì
F- 50

CURÏNG CONDTTIONS:

TEST RESULTSI

I days (nom" )

Test Age I R2 hr.cr!r u6

Set No Ðes cr ipt ion
of Speeimen

Mode of
F'alIure

Cyl, inder
Streneth s pe I

Av. Strengt
p8i

Revib 
"

L

¿

3

lf n/r
I 6 lll

P
Pu M

B, T
Be T
B

3940
)820
3t+zo

37)o

Revib 
"

and
Steamed

I
¿

1

S
P
P

B' T
Be T
Be T

40oo
381+0
4?_Bo

t+o40

Stearned 1*
2

)

q

q

a

T
B
Br T

T60
J770
2B7O

JJ?O

Air
Cured

L

2
-)

5
b

Be T
DMD9 L
Dfn
!! f

34oo
34?-0
?320

I 380



r'¿2
CASTING AruD îEST REPORT

Bateh No" j?
w/c RArroB uo" deê€ øoooo eoo oo o oø6e

REVIBRATI0N CHARACTERISLÏCS_Eo n " n u

0"5

2 min"at 1+ hrs"

Rgvibrat@dn, o o 6 o o " o " n " u oA
Revib" and Steanredn " " n o oB
Steamgdo o c o o 6 o c o o n u n o o u nC
Ain Curgdo " n n ô, o o o u u o o " oD

SET CLASSIFTCATlON ¡

CU&ING CONDITIONST

ÎEST RESULTSI Test Age s

L0 riays (norn"
clt> hncr¡r vt

SEQUENCE CF OPERATIONSg

Date ¡ Time Part iculare Temperature

.ll"!,6/+ 9z_iO poh

L2"5"61+ 1:lo âufll
?-zJ0 ã."!l
J: l0 a"m
9230 aom
I: l0 p,ft
3¡30 pnm

Casting"

RevÍb"2min"A&8.
Start Steaming.
Revib.2min"A&8"

l0 tt il
Nt!1n

Stop Steaming" s{ßgAFTø@, CASïre¿6

Ideal Temp ¡@
Støarn Cheet
Vib" Table

î76
&È,

q lS@
d
59@
Èù
!- 50

Set No Ðe s cr ipt ion
of Specimen

Mode of
Failure

Cyl inder
Stneneth I ps I

Av. Strengt
pBi

Revib "
1

2
.)
)

DT\lg ]J
DTIL2 1)

Pn C, D

E, Ve W

W
rTì çì!9

518 o
513 0
48 l0 rr

516o

Revib 
"

and
Steamed

1

a
1

P
P' D
PO D9 M

V
W

VnW

4t+9o
t+jqo
182C'

4z)o

Steamed 1

2

J

ò
Su C

S" C

V
F
F

4t+z-o
41 50 J¿

JI

ü.Lt.Z,O

Air
Cured

I
2

)

(:ñ
J9 v
e

F
W

EO X

)t-

t+?4o
47oo

L??^

Initiat Vibration riuring castins - _l rnin"



1 i,.l)

3ÁSTING AND TEST REPORT

Bateh No" J3

asoo 2 rnin, at 4 hrs"REVIBRATION CHARACÎERTSTICS ¡"

SET CLASSIFICAT]ON s

SEQUENCE CF OPERATIONSe

CURING CONÐITIOI{S:

TEST RESULÎS ¡

Revibrat@du u " o o.ô o o n n, " " nA
Revib" and Støamed" o, o o "BSteamgdo Ë. ! o € ô o o á o o o n o. oC
Air Cr¡rød,n " o n o 6 o o o n ". " o.D

28 days (nom,
Test Ases 666 hrs"

Date I Time Pant iculars Temperature

IL" 5"64 9 z)0 p

L2"5,64 Ic30 a
2t)0 a
5e3O a
9sl0 a
1sJ0 p
3¡30 p

mn Casting

mo Revib" 2min" A&8"
rlro Start Steaming."
tTto Revib" 2 min" A & B"
lll. lo . rr

mn !f It

rn o Stop Steaming"
H8åAFÎ¿ø CASTT$¿6

Ideal Temp
Steam Cheet
Vib" lable

åÀ
oüffi

s@@
sr)
F- 50

Set No Descr ipt ion
of Speeimen

Mode of
Failure

CyI inder
Streneth E ps i

Av" Stren
p8i

Rer¡ib, I
2

3

E
P

É- tr
E: ü
l{i

t+szo
5450
4960

49?,0

Revib 
"

and
Steamed

t_

2
3

S
S
S

Er V
Ee V
Ee V

3690
)7r0
3900

3??0

Stearned l_+

2

3

S
)
ò

EnV
En V
EoV

5210
4860
Leggo

5020

Air
Cured

1

2

3

ù
S

S

Eu V
E'V
EeV

49go
4qoo
4q ro

49t"0

In j tial Vibration ciur.ing ea_sting - l- min.



1r., 7

w1c RATIo 3

CÂSlING ÅND TEST REPORT

Bateh No " 31+

ô e.o o ê e o o 9 ø s o o e o ø o o Þ ô ø o O 
"l+5

REVIBRAT ]QN CHARACTER T-SLICS ¡
%

SET CLASSIFICATION a

SEQUENCE 0F OPERATI0NSo

CURING CONDITIONS;

ÎEST RESULTS¡

66ooô 2 min. at 4 hrs

Rgvibrat€d", ! o o o o o o u u " u "ARevib" and Støemed, o u " o uB
$teamed ø ø o è øo o o o o o o c o o o pC
.Air Curødo " u o o o o. o o o. " " oD

22 hrs"
lest Age r

Date ¡ Time Pant leulars lemperature
12,5"64 9s30 p"

L),5"64 Izz)O âo
?.eJ3 a.
5t30 âe
p:30 âo
1;30 Ðe

3 r3o p.

Casting;

, Revib" 2min" A&8"
" Start Steaming"
" Revibu 2 min" A & B"

tc ls !0
ø

onotol?

, Stop Steaming"
${øSAÊTÐø, CASTIM6

Ideal Temp.%
Steam Cheet
Vib. lable

t7@

tÀq0ffi

$',
èù
¡- 50

Descript ion
of Speeimen

Mode of
Failure

Cyl inder
Strensth s ps i

Revib 
"

?.?6a
2?.OO
2?60

Revib 
"

and
Steamed

3+50
37Bo
191 0

StearneC

P
P
P

S'1 rlr"np = l,/1t"



1.?4
CAST.ING AT'ID TEST REPORT

Batch No"

W/C RATIOîo 6 6 ooo'oo a s o ã € o o o ooÉ o o ê

REVIBRATI0N CHARAÇTERISTICS! . o e o o

SET CLASS].FICATION a

15

0"45

2 min n ,7t 4 l'r't^so

Revibrat@d", o a o o o n, u o ", uARgvib" &nd St,eamedn, n n ".8Steamgde o o o o o o o 6 o o, " " o o.C
Air Curød,u " u o r o ô o o u n o. o nD

EEQ-UENCE 0F OPERATIONS e

Date ¡ Time Part lculare Temperature

)2.1,61v 9;30 p

I),5"61J. 12 ¡ 30 a
2e)0 a
5230 a
9z3O à
1c30 p
3e)o P

rì e Cast ing"

rìaRevib"2minoA&8"
:ìiì o Start Steaming"
mo Revib" 2 min. A & B.
III o 

l¡ o¡ l!

mo ll l! lo

mo Stop Steaming"
È9øSAFleø, CASTth¡6

Ideal Temp
Steam Chest
Vib. Table

cURING CONDITI_ON!:

fEST RESULÎS¡

28

Test Age t

days (norn" )

665 ]nrs.

Set No, Descr ipt ion
of Speeimen

Mode of
Failure

CyI inder
Strenø{h a psi

Av, Stren
pBi

Revib. L

2
j

P
P
P

EnV
EeV
E, v

4860
56 50
4fì10

51:l- 0

Revib 
"

and
Steamed

t_

2

)

P
P
P

F
F
E, V

376o
3890
52,30

ls

5230

Stearned
2
,)

)

ò
S
ò

E, V
Ee V
E' V

4660
tr'560
47 5o

4660

Air
Cured

1

2

3

S
(]
J

J

F' V
F' V
Eu V

v-

t+j 50
5loo

LL?30

Sl-umn = 3/l+"



Bateh No"

w/c RATIoc-- ocooøoooOÞOeOOo0oOooOøô

REVIBRATI0N CHARACTERISTIC.SB 
" " u o n

SET CLASSIFICATION ¡

1r'.7
CASTTNG AND ÎEST REPORT

36

o,6

2 minu at i+ hrs"
Rgvibrat@do u ô 6 o o c u o " " o o oA
Revib" and. Steemedu " n o n oB
Steamedo o ô o oø o o 6 ó o o " o o n oC
Air Curgd.o. n o ô o o o o n ". o u oD

EEe_qENcE cF opERATToNS ¡

ÎEST RESULTSs Test Agea ?O hrs"

Date ¡ Time Part iculars Temperature

L3.5"61t 9t,"o p,

14.5"64 l;30 a"
2z)O âo
5230 a.
9:30 âo
lel0 pu')eJ) þ.

mo Casting"

moRevib,2min"A&8,
mo Start Steaming.
mo Revib" 2 min" A & B"
m" ll l¡ ll

mo l! rl ir

i'rìo Stop Steaming"
i{gsAF'Tse cAS"fted{¡

Ideal Temp c%
Steam Cheet
Yib" labIe

t70
&6
oüM
d
5@@
àù
¡- 5ô

CURING CONDITIONS:

Set No, Description
of Specimen

Mode of
Failure

Cylinder
Streneth s ps i

Av" Streng!
pBr 

I

Revib. I
2

3

e

S
ù

X, B
Vu B
B

20 40
2120
rB 30

2000

Revib 
"and

Steamed

t
2
j

S
5
J

B
B
X' B

27 LO
?.940
29O0

28 50

Stearned I
2

3

ò
S,
se

Te F
mI9 F

J ¿+U
rBB O

2o7o +
3240

Air
Cured

1

2
3

q

q

B
ÐD

B

I BAO
I 900
r t)00

r9oo

Slumn = !)" "
ln j tial. Vj.brat,-ion rìuring ea,:,;t,ins : l5



-CÁS-TTNG 
AND TEST REPORT

Bateh No" j?
w,/c Rntto:

REVIBRATION CHARACTERISTICSs" n n n u

SET CLASSIFICATION I

SEQUENCE CF OPERATIONSg

TEST RESULTS ¡

L?,p,

0"6"

2 min. at 4 hrs.

Revibrat@du, c ê Þ.o ô o o " .. " .ARevib" and Støamedn n, o , "BStgamedo o ! o o ô. c o o " o ". o " rCAir Curød,.. u o ð o o o. n o ". " "D

Test Ase r '7 ,j^Y= (norn." 666 hrs.

Date r lime Part iculars Temperature

L).5"64 9t)o p.

L4" 5,6t+ I: lO â"
2-a30 âc
5230 àe
9 230 ã.s
l:30 f_o
3z)o po

no Casting,

rìo Revib" 2minn A&8"
nc Start Steaming,
no Revib" 2minn A&8"
[o ,' ]! ro

nlrilrt
n, Stop Steaming" Þ{øgArTÐR CASTrÈ¿6

Ideal Temp
Steam Chest
Vib, Tabte

CURTNG CONDTTIONS¡

Descript ion
of Specimen

Mode of
l.'arl-ure

CyI inder
Streneth s ps i

Av" Strengt

Revib 
"

ù
S
S

5?90
49zo
L?9o

Revib.
and

Steamed

Jr v
(]

S

Stearnerl

J

S
S

t+O(tr)

50t.> ()

t+tt.7O
tr 5z.o

Slrtmp = 9", -Initja..1 Vjhr¿rtjon ciur i.nÍ' cas;ting = l5 sees"



1Re
gêELrNc ANÐ rESr REPoRT

Bateh No. 38

,

SET CLASS]FICAT]ON¡

SEQUENCE CF OPERATIONST

CURING CONDITIONS:

TEST RESULTS¡

-

ooooe" 4 min" at 4 hrs"

Revibrat@du o Ð, e è. o o. u o n oA
Revib" and Staamedo n o o u "BStgamgdo o ! o o o ô o o o o o o 

" " o oC
Air Curød," r. o ù o o o u o. o o o "D

. ?2 hnq
lest Asea 

'''- ¡!- uê

Date I Time Part icul-ars Temperature
Lt+, 5"64 g eJo

I5,5,64 ? zJO

6 tJo
10¡30

?- zJo
j z)o

p

a

a
a
p
p

rTr o Cast íng"

rïrs Revib" 4 minn A & B.
Start Steaming,

mu Revib" 4min" A&8"
lll. rf il ' t0

lIl " 
r¡ t0 it

m" Stop Steaming. i4øsAPTgß CASTTÀ¡6

Ideal Temp ¡%
Steam Cheet
Vib, Table

Des cr ipt ion
of Specimen

Mode of
Failure

Cyl inder
Streneth r ps i

Rev ib "
S
S
S

r_600
r730
LTjo

Revib 
"and

Steamed

S
q

S

?320
3090
2760

Stearned

Air
Cured

T

2
3 S

Sl-urnn = Inj-tial Vibration during ca.stins'= 1.5



SASTING AND ÎEST REPORT

Batch No,

wr/c RATTOB o n n o o o o ð o ooô D o 6 o e € o o6 o ø

REVIBRAlI0N CUAEÁCIERISTICSc . " ", "

SET CLASSi-f ICATION I

SEQUENCE CF OPERATTONS I

CURING CONDITIONS ¡

TEST RESULTS ¡

í"¡

, grj

39

o"6

4 min. at Li. hrr"

Revibrat@dn ", ¡ o o o o n u o o u oA
Revib, and Støenedu n o " o oB
Stgamgdo o ¿ o o o o ô o o o o o " " o oC
Air Curgdoo u n o, o o o a.. o o.D

28 cìa¡¡s

lest Age¡ ///' b66 hrs.

Date r Time Part iculars lemperature

Lt+ , 5.64 g ¿30 p

I5" 5"64 ZtjO a

6e)O
I0¡J0

?-zJo
3:30

d

(1

p
p

mo Casting"

m, Revib6 1+ min" A & B"
Start Steaming"

mo Revib" 4 min" A & B.
mo !o l! rl

mn it ll

m. Stop Steaming" }IßSAFTÐR. CAST!M6

Ideal Temp
Stearn Cheet
Vib" Table

Set No, Des cript ion
of Specimen

Mode of
Fa ilure

CyI inder
Strensth r ps i

Av. Streng!p8r 
I

Revib 
"

I
4
L

j S

We F
v{

W

4990 +t

(¿l qo
qR? o

56t+o

Revib.
and

Steamed

I
¿

3

ù
5
q

W

F
W

ù-coo
eÁl n J¡

4llo
¿l3r0

Stearned 1*
?,

j
ò
:ì
t.

W

¡ì
v\¡

Jtlc)o
l¿llfl .)+

lx:ort
i9 50

Air
Cured

L

2
'))

ìr
ò

F
W

WO F
soõo
3r 00

JC

5000

:iurnp = 9" i In j t j-a-l- Vibr¿¡t j¡n cìç:'ing ca.s tì_n¡, = l5 secs 
"



APPEND]X B

Figs, -)1 - (,.) r Age Vs" Stren¡¡th Crrrvr¡:r (X -'t)
'1'ransf'orrnccì (X - X/Y ) i)',rves;,

- 141 -
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