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ABSTRACT

EFFECT OF REPEATED REVIBRATION AND STEAM CURING
ON THE STRENGTH OF CONCRETE

by Nand C, Jethi

Concrete was subjected to repeated vibration
during the initial 18-hour period after castineg; this process
was also combined with low pressure steam curing; compressive
strengths for these two cases were compared with those of
concretes subjected to steam curing alone and normal air
curing., The variables investigated were water/cement ratios,
duration of vibration at each application, interval between
successive applications, and the test age of coricrete,

Type I normal Portland cement and table
Vibratofs with frequency of 3000 rpm and acceleration of 8g
were used for this investigation,

Revibration repeated too frequently during the
first few hours after casting was found to have a detrimental
effect on the strength of conncrete and resulted in test
cylinders having surface -racks and deep fissures, However

revihration reveated at 1o nger intervals (say everv 4 hrs,)



during the initial 18-hour perind after casting did not
have such adverse effect and even improved the compressive
strength in some cases; this increase in strength was
especially marked at early age, Also concretes with higher
water/cement ratios seemad to benefit comparatively more
from revibration,

Cbmbined revibration and steam curing’shOWed
strength gains over stedm curinge alone only in a few nases;
mostly this advantage was only marginal. Again the strength

cain was mostly realized at early age.
: y a 0
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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 if is a heat
treatment imparted to concrete at early age to accelerate
1ts strength development, and in so far as steam curing has
certain advantages over dry heat treatment, it has found
considerable favour in precasting plant operations. Steam
curing may be applied at low pressure (or atmospheric
pressure);vmedium pressure, or high pressure. Use of steam

(5)

curing at mediuﬁ pressure seems tfo haﬁe no particular
. advantage over low pressuré9 and high pressure hecessitates
‘the use of special autoclaves and an intermittent process
for'production._ Hence steam curing at low pressure or
atmospheric pressure is the mést common form of treatment
used in the manufacture of precast concrete products,

| Vibfation_for the purpose of achiéving proper
compaction is a routine proéedure‘in concrete conStfuction

today. The discovery of the beneficial effects of vibration

-1 -



has had a profound effecd¢t on the advancement of concrete
technology, and with the present-day high cost of labourw
and competition from other types of building materials, use
of vibration is now absolutely indispensable in coricrete
work,

Some research(B)' (141, (16) has been done to
study the effect of revibrafion or delayed vibration on
the strength of concrete. Concrete has been subjected to
vibration with varying periods of delay after casting, and
the effeét of this process has been reported on the different
properties of concrete. In most of these investigations,
optimum periods of delay havebbeen found rénging from 2 to
5 hours, depending on the vibration chéracteristics and
concrete mixes used, where gains of up to 35% have beén
'6btained in the cbmpressive strength. Sirength gain appears
to have been particularly proﬁounced at early age. This
téchnique of sfrength gain by means of revibration Would
seem to be ideally suited to a precasting plant,‘but to the
writer's knowledge no such practice exists on a commercial
scale, Presumably the art of revibration has not beén
developed enough fo encourage practical application.,
Besides; little work seems to have been done to.Study the

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

something closer to the bperatiohs of the precast industry

and possibly of more interest to it.



3

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 thé 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 revibration, the results could be of interest
to the precast concrete industry. |

For the maximum utilization of their facilities
~and the optimization of their processés, many high
production precaéting plants are set up on a 24-hour cycle,
Generally, 6 hours are required for the combined operations
of prestress release, stripping, clean up and re-assembly
of formé, and épplication of pretension or poéitioning of
reinfofcement. The rest of the 18-hour period has to
sufficé forvthe operations of casting, presteam period and
steam curing.

This invéstigation was conducted more or less
along the same lines, simulating the-operations and
schedule of a precasting plant as described above. The cut-
Coff time for the processes of repeated revibration and steam
curing, applied individually and in combihation to different
sets of concrete cylinders, was 18 hours after casting. A

control set, cast from each batch of concrete mixed and not



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 mixed,
and these were designated as follows according to the process
useds

Set (A)s Revibrated

- (B): Revibrated and Steamed

~*  (C)s Steamed

u (D): Air Cured
"Revibrated" as above refers to repeated revibrétion, and
*Steamed” refers to steam curing. By varying(a)the water/
cement ratios of the mixes(p) the revibration characteristics
(i.e. the duration of each applicatioh bf vibration and the
interval between successive applications), and(c) the test
age of specimensvsﬁbjected to identical operations, it was
thought that enough data would be obtained to determine
whether these processes can yield encouraging results to
justify furfhér,research and/or adoption by the precast
industry. | | | |
| Considering the fact that.steam curing causes a
loss (2), <28)in the ulitmate strength of concrete whereas
delayed revibration possibly has the effect of increasing
- the'compressive strength, it was surmised that a

-~ combination of the two processes might yield strength

values higher than those of normal concrete both at early

and later ages.



Compressive strength is the most important
physical property of concrete, and is usually 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 application, it was degided to
limit this project to the study of compréSsive strength

- only.



CHAPTER 1II
GENERAL REVIEW OF MATERIALS AND PROCESSES

A brief review of the basic properties of the
materials used in this investigation, and the effects and
characteristics of the various processes to which these
materlals are subjected~is‘given in this chapter, Certain
aspects of both have been dealt with in soméwhat greater
detail as these have an important bearing on the resulis
obtained.

2,1 Manufacture of Cement,

Portland cement is manufactured from raw
materials which contain lime-(CaO), alumina (AEZOB), iron
oxide (FeéOB) and silica (Si0,). Generally these raw
materizls are found in the form of limestone and clay. Two
different processes are used in the manufacture of cement:
a "dry" process, in which the constituent materials are
pulverized withoﬁt the addition of water; and a "wet"
process,.which involves the addition of large quantities of
' watervto facilitate pulverization. the resulting materials

being in the form of a slurry; pulverization 1s usually
-6 -
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~carried out in tube mills, Basically, blended mixtures of
limestone and ciay as obtained above are burnt in huge
rotary kilns at temperatures of between 1400° and 1600°C,
Here reactions and incipient fusion of the materials take
place, which results in c¢linkering. The clinker thus
obtained is cooled and, after the addition of gypsum in the
correct proportions, is ground to the requisite fineness to
obtain Portland cement.

2.2 Composition of Cement,

The composition of cement and its properties
depend to a great extent upon the characteristics and
proportions of the raw materials used. These vary with
different manufacturers and may even vary with different
vatches from the same manufacturer, so that a close
supervision of the faw materials and an appropriéte
ad justment of the proportions and manufacturing processes
is constantly required for the end product to meet the
Specifioations'laid down, The following tables represent
the relative proportions of the constituents in the raw
materials and the compoéition of the finished product in a

typical manufacturing process:



TABLE I

CONSTITUENTS OF PORTLAND CEMENT

Content %
Name Formula Symbol Typical Range

LiMme tssecssssosscss Cal G 63,1 60 - 70
S11iC2 sessvssesses Si0p S 20.6 17 - 25
Alumina «ovveeeeoes A1504 A 6.3 3 - 8
iron Oxide ........ Fey0q F 3,6 0,5 - 6
GYPSUM sevssovoovosns CaSOqZHzO - 3.0 1l - 3
Cthers (e.g.

Magnesia etc.) - - 3.4 1 - 5

TABLE II

COMPOUND COMPOSITION OF PORTLAND CEMENT

v Content
Compound Formula Symbol
‘ % (TYPR)
Tricalcium silicate.... 3CaO.Si02 C3S 50
Dicalcium Silicate ... ZCaO.SiO2 CZS 24
Tricalcium aluminate,.. BCaO.A1203 CBA 10
Tetracalcium alumino- G AF
ferrite... 4Ca0,AL,0,.Fe 0,°4 . 8
' 273 23 .
Calcium sulphate
dihydrate.,..,. CaSOu,ZHZO - ' 3
MagﬂeSia @6 0800006090800 Mgo - 3

Minor ConstituentS..oeoo - - | 2




The characteristics of the compounds
identified in Table II that influence the behaviour and
oroverties of cement may bé briefly described as follows:

(a) CqS: This compound hydrates faster than C,S
and contributes more to early strength
development as well as heat of
hydration, It is only slower than CBA
in the rate of heat evolution, and is
chiefly responsible for the resistance
of concrete to action of acids, alkalies
and corrosive salts; it is one of the
most stable compounds in cement, It
constitutes 50 per cent'of normal Poritland
cement, proportionately more in high early
strength cements. Together with C,S5, it
forms 70 to 80 per cent of all Portland
cement,

(b) CZS: This compodndvhydrates slower thah‘CBS
and its chief strength contribution
takes place affer 7 days‘and may
continue up to one year., Least heat of
hydration is generated due to this
compound compared to others; it

contributes to resistance of concrete

to the action of alkalies, acids and



(c)

C

A

10
corrosive salts, and like C S is one

of the most stable compounds, It
constitutes approximately 24 per cent
of normal Portland cement, relatively
greater percentage in low heat cements
and proporfionately less in high early
strength cement,

It hydrates quickly generating much
heat; in fact, it has the greatest rate
of heat evolution compared to other
comﬁounds in cement. Its sirength
contribtuion is small, and that
principally within the first 24 hours.

It 1s the least stable of the four

principal compounds and liable %o

dercompose to hydroxides of Ca and Al
oﬁ exposure to alir and water. It is
eaaily attacked by salts and alkaliés
and its presence is undesirable for
hydraulic or marine works, Normal
Portland cement contains approximately

10 per cent of C_A while sulphate

3

resisting cement contains very low

percentages of this compound.



(d) CuAFx

11
Comparatively an inactive compound, it
contributes little to strength at any
age or to the heat of hydration, It
is less stable than CBS or CZS but more
so than CiA. It constitutes about 8

per cent of the composition of normal

Portland cement.

(e) Gypsum: It acts as a retarding agent to

prevent the cement from setting too
rapidly. It is usually added to the
clinker at the grinding stage in
amounts of up to 3 per cent for nhormal
Portland cement; excessive amouﬁts
cause unsoundness and tend to reduce

the strength of cement,

(f) Magnesia: It forms periclase (crystalline

2,3 Types of Cement.

magnesia) in setting cement if present
in quantities larger than 5 per cent;
this hydrates very slowly and is
acéompanied by expansion which causes
unsoundness and disintegration of
cement. It constitutes about 3 per

cent.of normal Portland cement.

The Canadian Standards Assoclation covers the
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Tollowing classification of cements;-
I. Portland cements:
(a) Normal Portland cement
(b) High early strength Portland cement
(c) Sulphate-resisting Portland cement
IT. Masonry cements:
(a) Type H - Masonry cement for geheral
usé in masonfy construction.,
(b) Type L - Masonry cement for usebin
masonry construction where
high strength mortar is not
required.
In actual practice many more types of cements are used for
specific applications and the folloWing may be cited:
| (a) Extra-rapid hardening Portland cement.,
(b) Portland blast furnace cement,
(¢c) Low heat Portland cement.
(d) White Portland cement.
(e) Coloured Portland cement.
(f) High alumina cement,
(g) Expansive cement.
(h) 0il well cement,.
Some of these are‘covered by the British Standard
‘Specifications and the A.S.T.M. Standards, but quite often

on-site conditions dictate special specifications. This is
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especially so for large projects like dams where vast
Quantities of cements are required but locally available
materials may have peculiar properties. The special
specifications are generally based on results obtained by
trial mixes subjected to the same conditions as the
structure will be exposed to, 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
large extent the properties of Portland cements that
differentiate the various types in this group., Most of the
other kinds of cements derive their particular properties
from the addition of certain materials designed to give the
required effect. |

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 |
normal Portland cement.

2.4 Hydration of Cement.

The chemical and physical transforr}xa'tionsB
termed the hydration'of cement, start with the addition of

water and may continue for a very long time under suitable



14
conditions, although at a progressively slower rate,

The anhydrous compounds of cemenf are decomposed
by water to form hydrated products. Supersaturated and
unstable solutions are formed temporarily, but these
gradually deposit their excess solids and tend to come into
equilibrium with the hydrated compounds produced.

Hydration of tricalcium silicate (CBS) may be
represented ass 3 Ca0.Si0,+Water » Ca (OH),+xCa0.ySi0; ag.
Calcium hydroxide, one of the by-products of this reaction,
is deposited in the form of crystals, whereas the hydrated
calcium silicate appears as a gelatinous mass or gel° The
gel quickly forms a coating around the original grains and
being relatively impervious to water, slows down further
attack. However hydration can again be éccelerated if fhe
gel coating could be broken down to expose fresh surfacés of
the unattacked cores of CBSe

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
silicate, the thickness of which slowly increases with fhe
passage of time, |

Tricalcium aluminate (CBA) reacts very rapidly
with water though much less so in a saturated lime
solution; in presence of excess water a plentiful formation

of hexagonal plate crystals is observed. These, when seen
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on edge, appear as needles in clusters radiating from a
centre. These crystals begin to form within a few minutes
and increase rapidly in size aﬁd in amount, No calcium
hydroxide or hydrated alumina is produced.

Tetracalcium alumino ferrite (Cy AF) reacts
quickly with water, though less rapidly than C3A9 to form
hexagonal plate crystals., When mixed to a paste with water,
it shows excellent crystal formation within a day.

In the presence of gypsum, the manner of hydration

of CBS and C,5 is apparently unchanged but that of CBA is
much altered whereby formation of the hexagonal plates and
needles cdmmences» but very soon other extremely fine
needles begin to grow and steadily increase in length and
thickness.,

Microscopilc examination of a thin section of set
Portland cement reveéls three main contituents: (a)
unhydrated grains of cement, (b) crystals of calcium
hydroxide and (cj the gel mass of hydrated products.
Capillary voids may also be observed interspersed at random
in the gél mass, their number dependentvon the water/cement
ratio at time of mixing. |

2,5 Settiﬁg,and Hardening of Cement and Concrete.

The additions of water to a mixture of cement and

aggregate followed by rapid and thorough mixing results in

a plastic heterogeneous mass called concrete., In properly
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made concrete, the aggregate particles are completely
coated with cement paste, and all the spaces in between the
particles are also filled with the paste,

The cement paste, immediately after mixing,
consists of the cement compounds in an agueous solution or
suspension, tiny particles of clinker and powdered gypsum.
A typical specimen of fresh paste may be composed of 40%
solids and 60% aqueous solution by absolute volume. Since
about 65% of the cement particles are larger than the
average distance of 7 microns between adjacent particle
surfaces, the cement paste is made up of solid particles
much larger than the water filled spaces between them.,
Therefore the basic structure is a network of closely
spaced discrete pafticles in a flocculent mass having very
little rigidity.

The discrete particles are brought closer
together by the process»of‘sedimentation or ﬁbleeding“;
hydration products bridge and surround these particles and
the.process of cementation begins, |

There are four distinct stages in the hydration
of normal cement, discernible‘by the different rates of
heat evolution. The first'stage begins immediately with
the addition of water to cement when dissolution and an

exothermic chemical reaction takes place. The rate of heat

evolution builds up rapidly and peaks in about 5 minutes
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after which a rapid drop in the rate is noticeable marking
the end of the first stage. The second stage is
characterized by a uniform and low rate of heat evoclution
and 1s known as the dormant stage; this lasts for about an
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 cement. 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 stage or dormant period
denotes 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 set, initial set being obtained
sometime during the beginning of this stage and final set
at the end when the rate of heat evolution peaks. The
fourth stage with a continuously decelerating rate of hea%
evolution is called the period of hardening.,

As pointed out earlier, dissolution of the varilous
compounds in water and the accompanying chemical reactions
take place 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 dormant period

3

is prdbably due as much to the reaction between 03A and

gypsum with the production of calcium sulfoaluminate hydrate,
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as to the thin coat of gel surrounding the CBS particles
which inhibits é rapid and ready attack by water. After
the reaction intensity between C34 dnd gypsum has
diminished to a low level and water has again found its way
through the gel pores to the unattacked cores of CBS due to
osmosis, a progressive breakdown of the gel coating takes
place, probably due to osmotic pressure, with the formation
of more calcium silicate gel and precipitation of calcium
hydroxide crystals. The ruptures in the original gel
coating are resealed by this further gel 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 CBS cores, This is a rapidly decelerating
process after the initial ruptures have taken place because
the gel envelopes become thick enough to resist ru?ture,due
to osmotic pressure and the diffusion paiths for watér to
get through the gel pores become increasingly longer.

The general picture of setting cement is that of
gel‘masses containing cores of unhydrated cement particles
coalesciﬁg to form links with other similar masses, inter-
spersed with numeroﬁs capillary spaces containing water,
and enmeshing crystals of calcium hydroxide and other
hydrated pfoducts, The further hydration of the unattacked
cores, more linkages between adjacent groups of gel masses,
wedging action of the crystals, drying out of the capillary

water, stiffening of the gel masses, all contribute to the
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hardening process.

2,6 Vibration of Concrete,

The strength of a given mix of concrete is very
much dependant on the percentage of voids in it. These
voids are due to entrapped air in freshly mixed concrete:
some more may develop later due to evaporation of water
during the setting and drying periods. Vibration is
generally used in concrete work to eliminate air voids and

obtain the desired compaction. Fig. 1 illustrates the loss

in concrete strength with
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Fig° 1. The effect of air
. voids on the strength
of concrete (Ref.46),
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Compaction of concrete can also be achlieved by

various means other than vibration, though thelr use is

limited to specific applications. Other methods of

compacting concrete are:

(a)

(c)

(d)

(e)

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,

Centrifugal force by means of high speed

rotation or spinning, used for the manufacture

of pre-cast pipe and other similar sections,
Pressure applied through a hydraulic press, used
in the manufacturé of paving flags and curbstones,
Compaction by rolling, involved in the mahufacture
of very thin products like tiles., It is also
used sometimes in road construction,

Shock or jolting as a means of compaction; used
for precast products and achieved by lifting the
mould with the help of cams and dropping‘it onto
a hard surface, This may also be classified as
low frequency very high amplitude type of‘
vibration.

Vibration of concrete may be achieved by the

following methods:

(a)

Immersion, 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 attached
directly to the forms or moulds in which concrete
is cast.
(¢) Vibrating 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 vibration, |
The advantages of using vibration as a means of
compacting concrete may be listed as follows: (a) a higher
state of compaction can be achieved than by hand punning,
with an accompanying increase in strength due to a decrease
in void ratio; (b) lower water/cement ratios can be used,
again yielding increased strength; (c) alternatively, the
same strength cah be achieved by using less cement with
conSeqﬁent economy; (d) lowered cost of concrete dué’to
ease of placement;'(e) greater density, homogeneity and
vbetter appearance; (f) improved bond with reinforcement
‘and at construction joints; (g) greater durability; and- (h)
reduced shrinkage. |

Immersion vibrators are used at frequencies
between 7000 and 9000 rpm for use in most cast-in-situ

“and pre-cast conecrete work, like walls, columns, beams,

slabs, piles etc., the higher freguency for thinner sections
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and lower for massive arplications, Immersion spuds with

head diameters of 5" to 6" and operated at 6000 rpm are
used for mass concrete Jike dams, massive plers, etc.

Vibrating screeds are usually operated at 3000
rpm and may be up to #40° long and 18" wide. They are
effective to a maximum depth of about 12" and are useful
for highway and airport pavement construction,

Form vibrators are generally élamped to the
forms at predetermined points and are more suitable for
steel forms and thin walled precase sectlons like pipes,
thin wall panels, high, slender columns ete, They may
range in frequency from 3000 to 9000 rpm and accelerations
of 10g to 25g.

Vibrating tables can only be used for pre-casting
and as such are extensively used in the pre-cast Iindustry.
They may be operated by electromagnetic forces, or electric
motors driving shafts mounted with eccentric weights., The
usual frequencies used areIBQOO to 8000 rpm,.and acceleration
varies from 3g to 10g. Amplitudes can be varied by adjusting
the eccentric weights, and the‘magnitude'required depends
on the frequency used and the job requirement.

Much research has been done to determine the
optimum conditions of vibration to obtain the beneficial

effects of proper compaction and to study the effect of
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different combinations of frequency, acceleration and
amplitude on various properties of concrete,

cusens (15)ysed a table vibrator driven electro-
magnetically and capable of being adjusted with regard to
frequency, amplifude and acceleration. He noted that there
is an optimum frequency for each mix, the lower frequencies
(about 3000 vib,/min.) being suitable for dry mixes and
higher frequencies (more than 6000 vib,/min,) are best for
normal use. He also concluded that there is a minimum
value of amplitude of about 0,002 in., below which
vibrafioﬁ has no effectiveness for compactlon, 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 ﬁhat
for sectibns of depth greater than 6", the amﬁlitude should
be as high as possible with low freqUenéy.
| The Institutions of Civil Engineers and Structural
Engineers, London, England set up a joinf sub-committee to
investigate the vibration of concrete. They reportéd (11)
that, at a constant acceleration of 4g and a péfiod of
vibration of 2 minutes, frequency of vibration had little
effect on the strength of the wetter mixes, but for very
dry mixes, decrease in sirength was noticeable with :

increase in frequency. However frequencies in the range

1500 - 3000 did not exhibit the same 'tendencieso The
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effect of prolonged vibration during setting and hardening
did not seem significant with a water/cement ratio of 0.4,
but at 0.6 a 70 per cent increase in strength was obtained
when the period of vibration was extended from 2 minutes to
1 hours., This was due to the fact that a lowering of water/
cement ratio took place by allowing the water forced upward
by vibration to be run off,

Stewart (10)

observed that if frequency and
amplitude are satisfactory, vibration can be continued
indefinitely without bringing about any further changes in
the condition of concrete, once stabilization phase has
reached during the process of consolidation,

That segregation is not so much the fault of
over-vibration as of bad mix-proportioning, has been

(7)., (8), (10), (17).

concluded by many researchers

°.7 Rotational Instability.

An interesting phenomendh was reportéd by Cusens(lS)
during his investigations of the effect of vibration on
cdncrete; He observed that under certaih circumstances,
vibration induces the concrete to to roll uo in the form of a
ball and begin(s) to rotate centred ébouf two diagonally
opposite corners or about two opposite vertical faces, If

the amplitude of vibration of the table is maintained,

rotation continues and compaction ceases to take place,

However if the amplitude of vibration i1s diminished, the
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mix settles down, compac:ion takes place and any later
increase of amplitude falls to bring about further rotation,
A possiblevcause of the phenomenon appeared to be
uneven vibration of the table platform”, He termed this
phenomenon ‘rotational instability‘. He concluded:
"Concrete mixes liable to rotational instability have the
appearance of loose damp earth before vibration. After an
Ainitial few seconds of vibration, they become vay viscous in
bappearance and behaviour. The particles canndt'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 down the paste tb a
viscosity low enough to allow the particles to move freely.
In the author's experience, the incidence of
rotational instability is confined to:
(1) sméll moulds, e.,g. & in, cube moulds;
(2) large amplifudes (0,005 in,‘ahd above);
(3) dry mixes of'high sand content." o
| It is curious that no other‘investigator has
reported this phenomenon but the writer of this thesis
éamé,acrOss such an occurrence during‘the course of the
current investigation.

2.8 Revibration of Concrete,

After the initial vibration for compaction,

concrete is usually left undisturbed until it has hardened . .
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and attained a specific strength. The feeling is generally
prevalent that any kind of disturbance after the initial set,
and before the concrete has hardened appreciably, is
detrimental to its strength. Some research has been done
to study the effect of revibration on concrete, with varying
periods of delay after casting, and it has led many
authorities (7). (11}, (17) to conclude that the effect of
controlled revibration is not necessarily detrimental to
concretes in fact most investigators (8),(14), (16) ete,
have obtained marked 1increase in strength atiributable to
this operation. |

Mattison (1a)termed revibration as delayed
vibration when the specimen was initially compacted by
rodding only, and repeated vibration when initial compactiong
at time of casting, was achieved by vibration. Cubes were
used for compression tests, and cylinderé for indirect
tension test using a method described by Blakey. He con-
cluded that for some concretes of high wérkability, delayed
vibration and repeatéd vibration canvinéreasé tﬁe compressive
strengths above those by-hand punning by one—sixth.'AThese
veffeéts are somewhat reduced in the case of mixes withv
coarse sand. The effect of deléyed vibration on the fensile
strength showed iarge variations, but a general increase was

observed., Concretes of low workabllity showed strength

increase, due to repeated vibration, of about one-sixth,
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Concretes with higher cement contents generally showed a
lower proportional incre:ase in strength due to delayed and
repeated vibration, He :1lso observed that there is some
relationship between maximum bleeding and increase in
strength due to repeated vibration. Hi$ equipment con-
sisted of a table vibrator operating at a frequency of 3000
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-bonding of the aggregate after the completion of bleeding,
Normally settlement of mortar under bridged pieces of
aggregate causes a loss of bond and zones of weakness‘in
concrete; with revibration, bleeding'Marked the re-bonding
of aggregate and mortar,

(16)

Purandare also used a table vibrator, and his
test specimens were cast in the form of cubes and beams,

Max imum strehgth increases in both cases were obtained with
specimens'revibrated 2 hours éfter casting and these

amounted to 35% above unrevibrated specimens, There was a
markéd decrease in strength due to revibration after 2 hours
delay. The periods of delay used in his investigation varied
by 1 hour intervals up to 5 hours after casting. Test age

of specimens was 7 days aﬁd high early strength type of

cement was used, No values for frequency or acceleration

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 unhydrated cement, made possible by breaks
in the gel, and a wedginz action of the calcium hydroxide
crystals.

Tuthill and Davis(8)conducted various tests to
determine the effect of revibration on concrete. (a)
Concrete cylinders (6" dia. x 12" high) were revibrated up
to 10 hours after casting in moulds claﬁped to the vibrating
platforms. High frequency vibratlon was used and the
increase in compressive strength over unrevibrated concrete
was up to 25 per cent. Greatest strength gain was obtained
when interval between time of mixing and time of revibration
was 2 to 5 hours., (b) Two wall panels, 6* x 6' 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 caée revibration applied after 10
hours caused small cracks in the panels which could not be
successfully closed up again even with prolonged vibration.
This was evidénce of the harmful effect of revibration,
(¢) Vibration was applied to plain round reinforcing bars
cast vertically in 6" x 6" concrete cylinders., When bars
were revibrated 4 hours after casting, 1t was observed
that immediately after.vibration was begun, bond was
apparently broken and at the top a small annular space was

visible between the bar and the surrounding concrete. On
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continuation of the revibration, this void soon filled with

paste and water and some air was expelled from the viscous
mass surrounding the bar, For revibrated bars, bond
strengths were 30 to 50 per cent higher than unrevibrated
specimens., (d) In another series of experiments, deformed
reinforcing bars were cast vertically in 6" x én» éylinders.
Vibration was applied to bars after intervals ranging from
2 to 9 hours after time of casting, Both low frequency and
high frequency vibration was tested. Increase in bond
strength up to 100 per cent as recorded compared to un-
revibrated specimens, |

The authors concluded that substantlal benefits
could be derlved from revibration of partially set concrete
1f carried out under proper conditions; i.e, where the
possibility existéd that the concrete could be effectively
reconsolidated with prolonged vibration. This could be
taken advantage of in the manufacture of pre-cast products,
but they did not think it was feasible to use revibration
on an ordinaryvconstruction job., The authors thoughtvthat
the likely reason for the beneficial effect of revibration
on the compressive strength mlght be due to the reduction

of v01ds w1th1n the concrete ags the mass tends to se‘ttlea

2,9 Low Pressure Steam Cur ng,

As mentioned in Chapter I, steam curing of pre-

cast concrete products at low (or atmospheric) pressure is



a widely prevalent practice in the pre-cast industry.
main advantages of using curing as such, and in using low

pressure steam curing as against other types, may be cited

as follows:

(a)‘

(c)

(d)

(e)

(f)

Curing accelerates the strength development of
concrete. Early high strength facilitates
stripping and handling of the products.

These products can be put to use at an earlier
age due to the high strength attained.

The products can be delivered quickly after
manufacture, and storage space requirement can
be reduced.

For a given facility, a greater volume of
products can be manufactured and in a shorter

time,

The
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Moulds, pallets, casting beds and forms represent

a major portion of the large capital investments

in pre-casting plants, Their more frequent use

represents efficlency and economy of prdduction‘

and'conseQuently a better return on the capital
outlay, |

Low pressure steam curing may be used in an
infermittent o' continuous process whereas high

pressure steam curing is suilted to intermittent

production only.



(g)

(h)

(1)

(3)

follows:

(a)
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The steam chamber for low pressure curing may be

an ordinary box, or room, or a tunnel with
tarpaulin flaps at each end, or the forms them-
selves may be enclosed by tarpaulins and steam
introduced under them; the necessity of pressure
chambers or autoclaves is eliminateg. |

Steam heats the products evenly although fhere may
be only a small gap between adjacent units, some-
thing that cannot be achieved by radiant or dry
heat.

Heat 1s mainly transferred to the units by
condensation and the release of latent heat,
Condensation ensures even moist curing, which ié
lacking in dry heat.

Lighter coloured products are obtained with steam
curing which have a pleasing appearance. |

The main stages in a steam curing cycle are as

Presteam Periods After the completion of casting

overations, concrete should be allowed to hydrate at normal

temperatures (70 - 900F) for a short length of time before

being subjected to steam curing. This delay of 1 to 7 hours,

depending on the type of operation, before exposure to steam,

is called the présteam period., Experience has shown that a

reasonable presteam.pericd is very important for proper
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Strength development, and a very short or complete

absence of presteam period is injurious to concrete., Each
Steam curing cycle probably has an optimum presteam period
below which the strength of concrete decreases and above
which benefits are small compared to the delay involved and
therefore increasingly uneconomical.

Hanson (2)conducted a comprehensive investigation
into steam curing using a fixed 18-hour cycle 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 cufing period. He.found that the 18-
hour strength of his specimens increased with an increase in
the presteam period from 1 to 5 hours, after which the early
- strength Showed a consistent decrease; this decrease was due
to the effect of shorter steam curing periods left over in
the fixed time cycle. The 7-and 28-day curves exhibit a
characteristic S-shape reaching a maximum strength for 5 to
7 hours of‘presteaming. With only 1 hour of presteaming,
cfacking and severe strength reductions were experienced,

Hanson concluded that a presteaming period of about 5 hours

produced maximum strength at all ages. This also introduced

economies in plant operation due to the relatively short
period used for steam curing,
Shideler(28)reported the presence of circum-

ferential cracking and swelling in concrete cylinders
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sub jected to early steam curing and a rapid rise in
temperature. Hils results indicated 3 hours as being the
best presteaming period.

The findings of Merritt and Johnson<34)are also

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 reductions and evidence of
fine cracks due to too early applications of steam,

(b) Temperature Rise Period. Starting with the first

introduction of steam to concrete, this period extends to
the time that the concrete reaches the maximum specified
temperature, This really determines the raté of temperature
rise in concrete during the curing operation, which also has
a great bearing on the strength and stress properties of
steam cured concrete products. The rate of temperature rise
is genefally restricted to 20 - 60OF per hour, and the
temperature rise period generally extends from 1 to 6 hours.
Length of.presteam period and rate of temperature
rise are inter-related. Very small presteam periods are
required for low rates of temperature rise (less than 20°F
per hour) while longer deléy periods are desirable for high

rates of temperature rise (60°F per hour). Lower rates are

generally favoured since there 1is less risk of injury to
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concrete and smaller capacity boilers are required,

(2)

Hanson recommends a temperature-rise rate of
uOOF/ hour for best results. His investigations revealed
serious damage to specimens with rates in excess of 40°F per
hour with presteam periods of less than 3 hours, but only
slight reduction in strength in the case of presteaming

periods extended to 3 hours or more.

(c) Period at Maximum Temperatures This is the period

during which the maximum specified tempefature for curing
purposes 1s 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
‘temperatures can be used, varying between 130 and 212°F, but
these have to correspond to appropriate presteam and
temperature rise periods.

Hanson(z)concluded that compressive strengths
improve rapidly as the maximum temperature increases to
about lSOOF, with only a moderate additional advantage

~gained by using temperatures higher than l5OOF, The gain
in strength by using a maximum temperature of 175°F with
type I cement and temperature rise rate of 4OOF per hour
was only about 5% more than using maximum temperature of
15OOF, Even lesser increases were recorded for température

o , _
rise of 20 F/hour and for type III cement,
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Chamberlin concluded that 165OF produced optimum
results with strengths slightly higher than those obtained
with lBOOF at early ages and equal strength at later ages,
Most investigators found the range 150O - 180°F
for maximum temperature as yielding the best results,

(d) Soaking Period: This period is usually in lieu

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 1s cut off, and the product is
subsequently allowed to soak in the residual heat and
moisture of the steaming chamber. This is more commonly
used in the manufacture of concrete masonry block.,

The ultimate compressive strength of steam cured
concrete 1is not as'great as that of éoncrete continuously
moiét cured‘at lower temperature(l), Therefore the
acceleration of early strength is achieved at the expense
of some potential development in compressive strength; This

(31)

is the finding of most investigators like Saul ;

(33) a
(28), Higginson =, Hanson(z) et. al,

Shideler
Saul suggésted that the reason for this was that

high temperature curing caused an impermeable coating to

'develop around tricalcium silicate (CBS) grains which

inhibited further hydration. Such a coating develops when

U3 A hydrates in the presence of insufficient amounts of
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calcium sulphate (gypsum). Higher temperatures tend to
accelerate the hydration of C3A at the same time as
diminishing the solubility of gypsum,.

Lea and Desch(zu)have also shown that hydrafion
products of cement are somewhat different when obtained at
elevatéd temperatures than at normal temperature, which
could accouht for the loss in ultimate strength. However
the reaction rates of all the compounds are greatly
accelerated by high temperatures and this accounts for the

increase in early strength.

2,10 Combined Vibration and Steam Curing,

To this author‘s knowledge, no research has been
done on concrete subjected to a combination of revibration
and steam curing, or even vibration and steam curing,

However a paper published in Russia came to the
authorfs attention which dealt with the effect of vibration
and dfy heat on the strength of concrete. »

Mironov(lz)et. al. in their paper: "High Strength
Concrete Subjected fo Vibfatory Rolling and Thermal
Treatment" (translated from Russian) describe their tests on
concretes using various types of Russilan cements to determine
the possibility 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 mixes and water/cement ratios,
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The batches were vibrated on tables at 3000, 6000 and 12,000

vib./min, with corresponding amplitudes of 0,35, 0.23 and
0,08 mm, The samples were put in a heating chamber in 3
rows, each row subjected to a different fredquency of
vibration. Rubberspacefs were used between rows, with 10-13
kg. weights placed on the uppermost specimens,

The specimens were heated at lOOOC for 3 hours,

It appears some sort of dry heat was used; either radiant
heat or hot plates under the specimens may have beeh
employed.

Samples made with cement and sand were strongest
when vibrated at a frequency of 3000 vib,/min,, less so at
6000 vib./min, and least at 12,000 vib,/min, In samples
made with chip gravel, highest strength was obtained with
6000 vib,/min,, less with 3000, and.least with>12,000 vib.,/
min. The -sand~cement cubes vibrated at 6000 and 12,000 vib./
min, showed presence of oriented micro-cracks, which
probably accounts for their lower strengths, The authors
recommended that for the production of reinforced panels by
vibration, cement:sand mixes of 132,’high early strength
cement and large grained sands (fineneés modulus not less

: o)
than 2) should be used with 2 hours heating at 100 C,



CHAPTER III
TEST MATERIALS AND EQUIPMENT

The choice of materials for this investigation
was restricted to their local and ready availability, 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 funds in an unsponsored invesfigation of this
nature; thus the éequipment actually used was restricted to
what was already installed in the concrete Laboratory at the
University‘of Manitoba and that obtainable on loah from
other departments. This was not an idéal situation, or even
a satisfactory one, because much of the equipment was in
constant demand by others during the normal working hours
of the Laboratories, 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,

- 38 -
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3,1 Matérials used in Investigation.

(a) Cement. As mentioned earlier, this thesis
is concerned with the investigation of concrete made with
normal Portland cement only. The cement was very kindly
supplied by Canada Cement Company Limitéd from their plant
at Fort Whyte, Manitoba,

The preliminary investigatioh was conducted
using cement from the standard 873 pound paper bags already
in stock at the laboratory and presumably in storage for
some time, However all the final testing was done using
batches of fresh cement obtained directly from the Fort
Whyte plant. The characteristics of the cement as given

in the mill test report are as followss



CEMENT MILL TEST

b.)

Chemical Analysis
Insoluble Residue
S1 02 (Silica)
Al2 03 (Alumina)
Fe2 03 (Iron)
Total Lime (Ca0)
Free Lime
Combined Lime

MgO

S03

Ignition Loss

Total

Potential Compounds (calculated)

CUAF

8.1%
11,1
49,1
21.1

4,6

40



Co)

Physical Tests

Fineness (Specific Surface)
sq. cm./gm.

Blaine
Wagner
200 mesh sieve (per cent passing)
325 mesh sieve (per cent passing)
Autoclave Expansion (per cent)
Setting Times (Vicat)

Initial (hrs:min)

Final (hrs:min)

Tensile Strength - psi,

3 - day
7 - day
28 - day

Compressive Strength - psi.

3 - day
7 - day
28 - day

1

3110
1700
97.6
92.5
0.21

2350

4350

315
435
510

2530
3810
5270
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(b) Fine Aggregate. The sand constituting the
fine aggregate in thé concrete, was obtained from a local
source known as Bird‘'s Hill, This was stored inside the
laborator&, in an enclosed space well protected from
weather or cbntamination, and only the top layer was
exposed to the somewhat drying influence of the Laboratory
atmosphere. Thus although initially muchvoﬁmtbg.sand used
wase completely dry as obtained from the top layers which
had had 24-48 hours time to dry out between successive
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 uniform in
moisture content, Thus adjustments had to be made in the
calculation of W/C ratios of some batchesbwhich resulted in
W/C ratlos not orlglnally planned to be investigated.

The follow1ng properties characterize the
Bird's Hill sand used in this investigation;
FiﬁeneSs Moduluss 2,71 to 2.77,
Moisture Content: | 0, for'dried‘out‘top layers,

(per cent) _
‘ 2.4, maximum for moist layers

underneath,
24 hour Absorption: 1.6
(percent)
Specific Gravity: 2,57 (oven dry,.

2.60 (Saturated surface dry),

2,63 (Apparent),
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TABLE III

SIEVE ANALYSISs BIRD®S HILL SAND

Sieve No., Percent Passing Percent Retained

. Cumulative

97 3

8 87 13

18 69 | 31

30 49 ‘ 51

50 19 81

100 n 96
Fineness Modulus of Sample: 2,75

(¢) Coarse 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 cénditionso The aggregate was dry and
quite unifofm in gradation and the following represent its
typical.characteristicé:

Fineness Modulus: 1.84,

Moisture Content,

(percent): v 0 for dried out top layers.
: ‘ 0.1 for moist layers
underneath,

24 hour Absorption,

" (percent): 0.9
Specific Gravity: . 2,63 (oven dry)
' : 2.65 $Saturated Surface Dry).
2,69 Apparent). '
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TABLE IV

SIEVE ANALYSIS: 3/4" CRUSHED LIMESTONE

Sieve No. Percent Passing Percent Retained
Cumulative
1/2% : 100 0.
3/0" 95 5
3/8" 18 : 82
L v 3 ' 97
Finess Modulus of Sample: o 1.84

(d) Water, Clean and potable water drawn from
the University water mains &z used through bﬁt these
series for mixing concrete. A special line was provided
specifically for this purpbse, and a meter and valve
arrangement was incorporated és part of the concrete mixer.

(e) Capping Naterials. The material used for

a capping the cylinders fcr compression tests was mostly

“sulphur as recommended by A.S.T.M. Specifications 'Cl92—b7T,
although a proprietary black éompound épecifically
manufactured for capping had to be used when the stock of

shlphur in the laboratory was occasionally exhausted,
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3.2 Equipment Used In Investigation.,

(a) Concrete Mixer, A fixed batch mixer 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) ThHe drum rotates
about a vertical axis and the blades rotate similarly but
in a counter direction.‘ This erisures adegquate and efficient
mixing of the ingredients. A charging bucket runs up
inclined guides to deposit the charge into the drum; this
arrangement permits the bucket %o be charged at ground
level. Mixing water could be introduced directly into the
drum through a pipe provided fof this purpose and connected
to a meter and vaive, but thié‘was bypassed in the actual
mixing operations to prevent mishaps, énd instead the water
was metered out into a pail and poured manually into the
drum, ‘The dlscharge mechanism con31sts of a movable plate
approx1mately 12" in diameter located in the centre of the
drum bottom and a system of gears and levers actuated by a
handle that ad just the angle of the fixed blade in the drum
and move thé bottom plate for discharge~of the‘concrete..'
During:normal mixing operations the mdvable‘plate lies
flush with the drum bottom.

A wheelbarrow was used to receive the dlscharglng
concrete, the maximum vertical drop of concrete belng»2§

feet, The rated capacity of the mixer is 2,5 cu, ft. The



Fig. 2. Drum mixer with wheelbarrow in
position to receive discharging
concrete,

charging and mixing operations of the mixer were found to

be quite satisfactory although the discharging operation

was fourid to be somewhat deficient; a thin layer of mortar
tended to be left sticking to the bottom of the drum after
the discharge. Also during the initial wetting of the drum

and blades before the charging operation, come water was
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retained at the bottom, and had to be mopped up. A sloping |
bottom might have solved this problem,

(b) Scales. Two platform scales were used for
weighing out calculated quantities of coarse and fine
aggregates and cement; tare weights of the containers for
these materials were also taken into account., The scales
were properly adjusted initially to eliminate zéro error.

A metefing device was used to obtain the required quantity
of water and this was initially checked agaihst one of the
scales,

(¢) Moulds. Heavy steel moulds were used to
cast Standard 6 x 12 inch cylinders to test the compressive
strength of concrete., The moulds were fabricated from steel
tubés with 5/16" wall thickness, split along one side and
pfovided withAbolts and wiﬁg nuts to close the split well
enough to prevent any mortar loss; Provision was also made
to secure bottom plates to the moulds, with the contact
surfaces machined to enéure water-tightness, Mineral oil
was used to coat the inner surfaces of the moulds before
pouring concreté.

It was inteﬁded to mix two identical batches of
concrete every time, one for early strength.tests (18 - 22
hours), and the other for 3-day or later strength tests; for
each of 3 variables involved plué the contrbl specimens,

Three test specimens for each variablé were to be madé,'thus
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the total number of cylinders required at a time was 24
but since only 18 steel moulds were available, the control
svecimens had to be cast in standard cardboard moulds which
were plentifully available in the laboratory. These were
however completely unsuitable for repeated vibrations or
steam curing. The cardboard was coated with wax and the
moulds Wefe completely waterproof,

' To determine the extent of variation in the
diameters of the test cylinders, a test batch consisting of
six sets of 3 specimens each (i.e. a total of 18 cylinders)
was subjected to cafeful‘measurements with fhé help_of a
pair of calipers and a steel scaleo‘ Readings were taken
at three locations near the top, middlevand bottom of each
specimen, with two readings at right angles to ééch other
at each location, The following table, summerizes the |

resuld:



TABLE V

DIAMETERS OF CONCRETE TEST CYLINDERS AND PERCENTAGE
OF VARTATION OF CROSS SECTIONAL AREA FROM STANDARD.
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Cardboard A (1) 6.00 28,3 0
(2) 6.00 28,3 0
(3) 6,00 28.3 0
Cardboard B . (1) 6.00 28.73 0
(2) 5.99 28,2 -0,.35
(3) 5099 2832 —0035
Steel C (1) 5.99 28,2 -0.35
(2) 6,00 28,73 0
(3) 6,02 28,4 +0,35
Steel D (1) 5.98 28,1 -0.7
(2) 6.00 28.73 0
(3) 6.03 28.5 40,7
Steel E (1) 6,00 28.73 0

(2) 6,02 28.4 +0.35
(3)  5.99 28,2 -0,35
Steel F (1) 6.00 28,3 0
(2) 6.03 28,5 +0,7
(3) 6,02 28,4 +0,35
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Thus the maXimum variation in the cross-sectional area of
a specimen amounted to 0,7%, as compared>to the specified
standard cylinder having a 6" diameter, If this variation
were overlooked, it would introduce a proportional error
in the strength of a specimen; a maximum error of the order
of 0.7% for a specimen and 0.35% for a set in the strength
calculations is obviously insignificant when considering
the appreciable variation that normally occurs due to a
host of other factors in the strength tests for concrete,
Hence all concrete specimens were assumed to have a
diameter of 6", 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 laboratory,
University of Manitoba, and used fbr casting reinforced
concrete beams for flexure teéts were adapted as table
Vibrétors for fhe purpose of this inﬁestigation, The boxes

have an open top and removable side plates.,

They are 15" deep, 9" wide and have an overall
length of 8' - 0", Each is mounted on four heavy springs
.anchored to bed plates cast in the foundatlons. The
vibrating elements congist of two long steel shafts with
eccentriCally mounted welights, and rotated by a motor
thréugh‘v-belts and pulleys. The shafts are mounted on

the underside of the tables and the eccentric weights are
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so adjusted that they counteract their effects in the
horizontal plane but act simultaneously in the vertical

plane, Thus the tables vibrate only in the vertical plane,

Fig. 3 Vibrating tables used for iﬁitial
compaction of ftest cylinders as well
as revibration.

Two sets of three cylinders each could be
vibrated at 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" timber
piece 2' - 6" long was placed along the top edges of a set

of moulds and pressed down firmly with the help of 2 cross

pieces made of heavy angle-sections and clamped down to the
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top edge-angles of the vibrating form by four heavy duty
C-clamps, This arrangement (see Fig, 4) proved quite
satisfactory in keeping the moulds fixed to the vibrating
tables during initial vibration at the time of casting,
and for revibration. Occasionally the clamps worked loose,
especially during prolonged periods of revibra‘tion_g and the
pileces had to be re-arranged and the clamps secured more

tightly.

— CR0SS PIECE (ANGLE SEcTion)

C- CLamp

2":2" TIMBRER PIECE
L &"x12" STEEL MouLb

VIBRRATING TABLE WALL
o — STIFFENEZ

/ SPRiINGS

. SH»AFTS WITH ECCENTLIC
= WEIGHTS

Fig., 4 Arrangement used to fix steel
moulds to vibrating table,



The Westinghouse motor, installed for operating
the vibrating tables, had the following specification shown

on the identification plate:-

H.P. = 5; Phase = 3, Cycles = 60, Volts = 205/220/240

]

Amps = 13.9/13.2/6.6; RPM = 3500,

Equipment used to evaluate the frequency,
amplitude and acceleration of the vibrating tables consisted
essentially of a displacement transducer, a D.C. battery and

a cathode ray oscilloscope. (see Fig., 5 and Fig. 6)

Ty

Fig. 5. General arrangement of equipment
used to determine frequency, amplitude
and acceleration of vibrating tables.



Fig. 6 Detail showing transducer positioned
for taking displacement readings.

The set up was initially calibrated to determine the
oscilloscope constants corresponding to a known displace-
ment of the transducer shaft as shown by a dial gauge.
These were then used to calculate the frequency, amplitude
and acceleration of the vibrating tables at ﬁhree different
locations each, for various conditions of loads during
vibration. This was done using characteristics\of the
wave forms as registered on the oscilloscope screen, The
wave forms were also recorded photographically with the
help of a Polaroid Land camera; a typical result is shown
in Fig. 7. The loads consisted of 2 sets of 3 moulds each,
full of fresh concrete and designated as A and B. Load A

was the one vpositioned on the left~hand side of the
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vibrating tables, and Load B was that positioned on the

right hand side. Concrete with typical mix proportions as

used for batches with a 0.4 water -cement ratio was

utilized for these

designated No, I and the farside No. II.

tests. The nearside vibrating table was

can be summarised as shown in Table VI,

TABLE VI

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

The result obtained

Load Condition

Vibrating Table |

Amplitude, ins.

No. Left Side|Centre|Right Side
1 |Both A & B I 0.028 0,034 | 0,028
2 | Load A only I 0,023 0.032 {0,034
3 Load B only 1 0,028 0.025 0,023
L | No Load I 0,031 0,033 0,032
5 |No Load 11 0.028 0.036 0,036
!




(a) Wave form corresponding
to vibration of right
side of table, Load
Condition No. 2, Table VI,

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

Fig, 7 Characteristic wave
forms registered on
oscilloscope screen
due to operation of
vibrating table No, I.

Characteristics of Vibrating Tables I and II:

Frequency = 3000 vibrations/min.

Minimum Acceleration 6 g.

1l

Maximum Acceleration 9 g
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It appears that when both A & B loads are used,
the amplitude of vibration is maximum in the centre, This
is probably due to the fact that since the vibrating tables
are supported at the ends, the middle undergoes extra
flexural deflection caused by the loads and fheir inertial
momentum during vibration, When a load 1s placed on one
side only, it seems to have a dampening effect on the loaded
end; consequently the magnitude of VLbratJon is less on that
end and more on the unloaded end. This also results in
uneven vibration of the table.

Generally speaking, both the vibratihg tables
appeared to behavé similarly during overation and maintained
a fairly constan£ frequency of BOOO vibrations/minute. The
vibrating tables were fabricated in a way that neither the
frequiency nor the amplﬁ{ude of vibration could be changed
readily. Hence this constituted another constant during
this investigation., The values of the frequency-and
amplitude are such that they seem to be ideal for this type

of set up as recommended by various investigators in this
rie1a (70, (11),(15) |

(e) Steam Curing Chest. Certain sets of test

specimens were required to be subjected to low pressure
stpam curing and this was carrled out either in the
vibrating table forms or in a wooden steam curing OthT

specifically rlgged up for this purpose,
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Vibrating Table II was lined with a special polythere
sheet and the specimens that required low pressure;steam
curing and delayed revibration were placed on 3 layers of
.plywood‘and clamped firmly in place, 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 condensation, and a
steam hose to introduce the steam into the enclosure
‘completed this set up. This obviated the need for
removing the specimens from the steam chest and transferring
them to the vibrating table everytime the specimens needed
to be revibrated according to schedule,

The wooden steam chest, measurlng L4y o 6% by 4o - 6"
in plan and 1'%.6" high, was essentlally an open top shallow
box covered with 2 layers of thick polythene. . Enough
openings were pro?ided at the bottom to drain thebcondensa-
tion féadily and a steam-hose provided én inlet for the
steam,  The steam chest could accomodate é maﬁimum of 16
cylinders at a time for’low pressure steam curing of the'
concrete specimens, - |

‘Both the steam enclosures were crude and unsatisfactory,
and needed'consﬁant attention in order to.reguiate the
deSired temperature rise of 4OOF ver hour ard maintain the
blanned maximum temperature of lSOoF during the 13 hour

steam curing period. ‘Valves were provided on each of the
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steam lines and these had to be constantly adjusted; alsc
the dissimiliar characteristics of the wooden sfeam chest
and the steel vibrating form made things more difficult
because different adjustments were needed for each.
Although the ideal conditiohs of temperature rise and
maximum temperature were seldom reproduced by the arrange-
ments described above, it was felt that the disCrepan;y in
most cases was not too drastic,

Constantine-iron thermo-couplés were used to
monitor, the temperatures in the cylinders subjected to
steam curing. These were embedded in two cylinders during
the casting operations, 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 melting ice at a known standard
_température of 32OF was used to complete the circuit as
shown diagramatically in Fig. 8; the current generated was

measured in milli-volts by thé potehtiometer.
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CONCRETE CYLINDER

Fig. 8 Arrangement used for determining
temperature inside a concrete cylinder,

The temperature of the specimen was determined
from a chartvshowing vaiues of temperatures corresponding
to values of current in milli-volts as recorded by the
potentiometér. The set up was initially celibrated using
known temperatures of the hot junction,-

During preliminary investigations, a batch of
test speéimens subjected to curing in the steam chest was
closely monitored to determine the_easekand extent to which
the temperature rise could be controlled and the maximum

temperature maintainéd."
The following table shows the results of this

trial:



TABLE VII

TEMPERATURE RECORD OF A STANDARD CONCRETE
CYLINDER SUBJECTED TO STEAM CURING.,

Time Sequence Ideal Temperature Actual Temperature
Required (°F) Recorded (OF)

At start of

steaming - 72
after 0 hr,-15 min, 82 82
0 - 30 92 91
1 - 0 112 126
1 -15 122 | - 134
1 - 30 132 140
1 - 453 142 146
2 - 0 150 151
3 - 0 150 152
12 - 45 150 153
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The desired ideal was a temperature rise of QOOF/hr@ up to
a maximum of lSOOFP which was to be maintained for the.reat
of the steam curing period of 13 hours. This is in
accordance with the recommendations of Hanson in his paper
(2 ) “Optimum Steam Curing Procedure in Precasting Plants",.
As evident from Table VII, the actual behavior of temperature
rise and maximum reached differed 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
apéroximately in the éentre of the concrete cylinder, a
_time—lag took place before the effect of any adjustment of
the ambient temperature could be rggistered at its core,
Thus any tendency to exceed or fall short of a desired
value could not be corrected until the error had been
reglstered, also whether enough corrective adJustment had
been made could not be ascertained until the situation had
stabalized, (b) The steam chest was not very well insﬁlated
and therefore subject to external conditions which wefe |
somewhat changeable and not sub ject to immediate control;
(c) The source of steam supply was a centrdllzed steam
generating plant for the whole University Campus, located
quite far from the concrete laboratory. The long distance
“involved and the low production 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 compounded by the fact that part of the temperaziure
recorded was due to héat evolved during chemical reaétions
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
specimen, or its proximity to the steam inlet affected its
compressive strength in any way. Five different batches
were cast, all with 0.4 water/cement ratios and 1.4 cement/
aggregate fatios bﬁt with varying percentages of sand in
the aggregate, as part of the preliminary investigations,
Thermocouple junctions were embedded in one specimen each,
from the three different sets, and the sﬁecimens were |
arranged in the steam chest as shown invFig, 9.> The sets
are indicated 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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/ AR ol "
| CONCRETE
% CYLIMDER (TYP)
THERMOCOUPLE /) JSTEAM CHEST
WIRES(re) ; 7 7 |
#

¥ STEAM HOSE
-

Fig, 9 Arrangement of test oyllnders in
‘steam chest during steam curing
period,

TABLE VIII
7 DAY COMPRESSIVE STRENGTH OF CONCRETE CYLINDERS

% Sand in.$\‘ No ! Strength of Spec1men;giL1Average !
gAggregate i Set 1 ! 2 | Strength PSI
48 A 6630% r6550 6740 5 6640

49 B | 6860 | 6520 | 6270 } 6550 .
50 c 6100 6690% | 6270 - 6350 ]
51 D 5890 ! 5850 | 5850 5860
52 E 6140 5940 | 6100% IL 6060

(% Indicate specimens with thermocouple wires),
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From the above results, it can be concluded that no gain
in strength is necessarily involved due to the presencé
of thermocouple wires in the test specimens; this was borne
out by a similar review of the results of other batches
also. (All such specimens in the final investigation have‘
been marked). A similar conclusion can be arrived at with
regard to the proximity of the specimens to the steam inlet;
no definite pattern isvindicated in the strength of specimens
nearest to the steam inlet when compared to the sfrengths of
the other specimens in the same set, Thus these factors
were ignored when comparing the reSultskof cylinder tests
in this investigation.

(f) Pog Curing Room., A fog curing room was

provided adjacent to the concfete laboratory, for moist
curing of cbncrete test specimens., The room measures
approximately 10°*«0"x 6'-0" by 10°‘-0" high and has slatted
wobden racks for storing small test épeciﬁéns; It provides
lOO%lhumidity in accordance'With thé reduireménts of A;S.T;M;
_ specifications C192-47T, Due to the limited storage |
'available‘énd the demands of other users of the laboratory,
mény test specimens for this investigation had to be movéd
éut muéh before'theif scheduled‘testing time and stored in
the openAlaboratory. Whenever this was neéessitated, sets
repfesenting’different variables were moved out of the

humidity room as a batch, so that all the sets in a batch
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would be subjected to the same tyve of conditions, Thus
although storage conditions were uniform for specimens of
the same batch, they were not necessarily uniform from
batch to batch in the same series.

(2) Capping Stand. The jig used for capping

testvcylinders was a simple device consisting of a base-
plate and a vertical guide welded to it, The.base-plate
had a shallow tapering recess with a machined bottom to
act as a mould for the sulphur cap. A standard concrete
cylinder when butted against the vertical guide was easily
centered over the reéess with its axis at right‘angles to
the plane of the bottom maéhined surface. The recess was
coated with oil to prevent the sulphur cap from adhering
to 1it. This arrangement was quite satisfactofy except
when air bubbles were trapped under the concrete cylinder
while béing lowered into the molten sulphur in the mould;
the air bubbles caused cap failure during loadingvof the
cylinder and the results obtained for sﬁch specimens wefe
invariably lower than other specimené in the séme'set with
non-defective éaps. |

(h) Testing Machine., A Forney Testing Machine,

capacity 300,000 lb,, was used throughout for determining
the crushing strength of the concrete cylinders cast |
during this investigation. Each cylinder was placed on -

the lower movablefplaten (see Fig, 10) and the load applied’
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hydravlically; the upper platen was spherically seated,
TWo dial gauges were provided to register the loads, one
for a low range of values and the other for a higher range,

and each equipped with a dummy pointer to indicate the

.

maximum load reached.

Fig. 10 Forney Testing Machine used for
: compression tests of Standard
Concrete Cylinders,
The design and operation of the machine conformed to
A.S,T.M. Specifications: €39-%44 and E4. The machine
was usually operated to give a uniform rate of loading of

approximately 40 PSI/Sec,



- CHAPTER IV
TEST PROCEDURES

The procedures used in this investigation were
based on current good practice in mixing and placing of
concrete and on the findings and recommendations of

researchers (}) (23 (7) (8)

with regard to specialized
processes that héve not yet been universally adopted by

the industry. The objective was fto obtain consistent and
accuraie values, and thus to provide a fair basis for
comparison and analysis of results, Ready and uniform
avallability of specified materials, and availability for
use and reliable performance of.equipment installed in the
laboratory weré presumed when formulating these.procedureSg'
unfofseen circﬁmstances, hoWever, subsequently neceSsitated

some modifications,

4,1 OQutline Of Test Programme

An investigation of this nature involves a
- formidable number of variables and their combinations, and

to research all of them fully would bé practically impossible,

- 68
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In order to bring the task within manageable proportions,
objectives had to be def'ined, guidelines establishéd, and
sultable restrictions imposed. To give an idea of the
'vast number of #ariables involved, some of the important
ones are enumerated belows:
(a) Type of cement,
(b) Type of admixtures, if any, and théir combinations.
(c) Type and grading of coarse aggregate.
(d) Type and grading of fine aggregate,
(e) Water-cement ratios (W/C ratios).
(1) Cement—aggregate ratios (C/A ratios).
(g) Fine aggregate/coarse aggregate ratios,
(h) Specified strength requirements.,
(1) Specifiedbslump requirements,
(j) Mixing and casting procedures,
(k) Moist curing procedures.
(1) Type of strength testéé Tensile, ccmpressive, shear etc.
(m) Various other characteristic requirements: créep; |

shrinkage, modulus of elasticity, durability, etc.

(n) Type of steam curing: low pressure or high.
'(o) Presteaming periods and duration'of steam.curing.
(p) Témperéture rise rate and maximum temperatures,
‘(q) Alternative types of heat treatment, |
(r) Amplitude, frequency and acceleration of vibrations.

(s) Periodicity and duration of vibrations.

(t) Numerous combinations of the foregoing,
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As mentioned in the introductory paragraph of

Chapter III, some of the restrictions imposed on this

investigation were due to the availability of specific

types of materials in the locality, and of the equipment

already installed in the laboratory, To 1imit the scope

of this investigation, the following specifications were

observed; -

.l°

9.

lo.

Normal Portland Cement as specified in Section 3,1 (a),
Chapter III,
No admixtures to be used in the concrete,

Type and grading of fine aggregate as specified in

- Section 3.1 (b), Chapter III.

Type and grading of coarse aggregate as specified in
Section 3.1 (e),Chapter III.

Mix proportions as specified in Section ﬁe9.

Mixing and castihg procedures as specified in Section
4,3, | |

Low pfessuré steam curing as specified in Section 4.5,

Vibrating eqﬂipment_as specified in Chapter III,

,Section 3.2 (d), with frequency,_amblitude and

“acceleration of vibration constarit,

Testing equipment as specified in Chapter III, Section
3.2 (h),

Test procedure as specified in Section 4,7,
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The following variables were considered for
investigation in various combinations;:-

1. Water/cement ratios.,
2, Proéesses used on test specimens,
(A) Delayed revibration.,
(B) Delayed revibration and steam curing,
(C) Steam curing.
(D) Normal air curing,
3. 1Intervals between and duration of delayed revibrations.
4, Age of test specimens.

The investigation consisted generally'of first
determining the proper concrete mix with the help of trial
batches during preliminary investigations. Three specimens
constituted a set, and four such sets were usually cast from
one mix operation and designated as a batch, Each of the
four sets forming a batch were subjected to different
hrocesseS'and conditions during the first 18 hours after
casfingz Set (A) was subjected to delayed revibration,

Set (B) to delayed fevibration and steamvcuring, Set (C)

to steam curing only as specified herein, and Set (D) was
the control set not Subjected;tovany'of the above proéesées
andxkept‘in the Laboratory at normal temperatures of bétween
72° - 75°F, | |

Subsequéntly. either the sets were tested for 18

hour strength, or all of them stored under the same



conditions of temperature and humidity until tested at a
specific age., Usually two similaf batches were cast onée
after another for testing at different ages. Thé test
results were finally tabulated and analyzed. ,Standérd
concrete cylinders, 6" diameter x 12* high were used as

test specimens.

4,2 Identification And Arrangement of Test Speciméns,
Each individual mould was identifiable by a tag
~bearing the set designation: A, B, C or D, and the |
specimen number (1), (2) or (3). Batches of concrete were
numbered 1, 2, 3--=-39 etc., in the same coﬁsegutive_ordér
as they were mixed in the concréte mixer,
For a major portion of this investigation fhe

sets were designated as followss;

Sets Subjected tos 1st Batch 2nd Batch

(for early (for later
strength test) strength test)
. Revibration only;............e. Ay - _ | A2
Revibration and steam curing... By : B,
Sfeam curing only .,.e}....oe.. Cq ,' Co
Normal air cufiﬁgvonly cevoscon | Dy D2

‘When casting the spebimens, compaction of the
concrétévwas achieved by an initial vibration lasting 2
minutes (unless otherwise indicéted on the Casting Report)
on vibrating table No. I only, The sets and specimené were

always positioned in the same order during this operation
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as illustrated by Table IX.

TABLE IX

ARRANGEMENT OF MOULDS ON VIBRATING TABLE I
FOR COMPACTION OF CONCRETE DURING CASTING,

‘Batch Casting Position on Vibrating Table
Sequence Sequence Left Hand Side Right Hand Side
1 A7 Ay A By By B
1 _ ORORO O RONS)
c C Cyi D Dy D
2 BRGSO ERORONO)]
1 Ay A Ap B2 By By

(1) (2) (3) (1) (2) (3)

Y]

C, C, C D, D, D,

£

2 >
(1) (2) (3) (1) (2) (3)

A similar system was adopted also for the

revibration and steam curing cycles, After castiﬁg the
eight sets from two batcheé mixed in rapid succession,
Sets Ay & A2 (to be revibrated only) were clamped in
vibrating Table I, Sets By & B, which were to be révibrated
and subjected to steam curing were enshrbuded with polythene-
sheets andvclamped in vibrating Table II, and Sets C1 & C2
were placed in the steam curihg box and covered wifh
polythene top sheets, but without the steam valve turned on,
Sets Dy & D, were stored in a corner of the |
laboratory, covered with a polythene sheet and left un-
disturbed during'fhé initial 18-hour period after casting;

these constituted the control sets as méntionéd earlier,
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Thermocouple junctions were invariably embedded
in spécimens 81(2) and Cz(l) during casting, and the thermo--
couples were later used during the steam curing period to
monitor the temperatures of the cylinders in the Steam
chest and the vibrating form adapted for steam curing,

ldentification as to batch, set and specimen
number was prinfed in indelible ink on top and side of
each concrete cylinder as soon as it was stripped from the
mould; this helped in avoiding any confusion or mistakes
at the time of testing.

Notes Set designation Als Ap, Bl’ B, etc. as
given here have been rationalized for the purpose of this
report, During actual casting operations, set designations
used weres A, B, C, D, E, F, G & H, and the following
relationship exists between the old and the new designations

respectively: A =‘Als B = Bjyw C = A D=3B,; E = Cqys

o
1 and H = D2

F = CZ; G =D
4,3 Mixing And Casting Procedure,

-~

To maintain quality control over the concrete, a
standard mixing and casting procedure was drawn up during
the planning stage which was adhered to rigidly during
actual overations; this also insured efficiency of.
performance and elimination of errors. This ﬁrocedure‘wés

posted as follows:
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Make sure the concrete mixer is in a clean condition
and operates normally,

Have the steel moulds cleaned and ready for use by
coating their inner éurface with heavy machine oil.
Arrange the moulds in their proper order by sets and

specimens. Clamp sets Ay & B, on vibrating Table I to

be followed by sets Cl & Dl for casting as first batch,

The second batch will consist of sets A, & B,, in the
order specified, and shown in Table IX, to be followed
by sets C2 & D2 similarly arranged, |

Have thermocouple junctions ready in moglds Bl(2) and
Cz(l)o | ‘

Weigh out the required quantities of coarse and fine
aggregates, cement and.water in the respective
containers designated for each material, due account
being taken of the tare weights as marked on them., Use
fhe "Tally Sheet" to maké up the number of times each
container is used for depositing materials in the -
charging bucket, |

Deposit the coarse aggregate first in the charging
bucket, and sandwich the cement between layers of sand
on top of the gravel, |

Wet the wheelbarrow, scoops, shovel, trowel and the
slump test equipment, and drain off any excess water,

Position the wheelbarrow directly under the discharge

hole °
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Wipe the drum and blades of the mixer with a demp
cloth,
Start the concrete mixer and charge it with the
materials previously deposited in the charging bucket.
Let dry mixing continue for two minutes.
Add the previously weighed out mixing water in a slow
continuous stream taking one minute for this operation,
Let the wet mixing take place for two minutes more, so
that a total of 5 minutes elapse after the mixer ie
charged.
The concrete discharged into the wheelbarrow should be
remixed with the shovel provided.
Perform the slump test.
Fill the moulds clamped in the vibrating table with
concrefe. For compaction start the vibrator and keep

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

.subsidence in the level of concrete in the moulds,

Uhclamp the moulds, strike off the top surface of the

‘ concrete with a trowel and store the speclmens under a

18,

19,

‘szme way as sets Al & B

pclythene sheet in a corner of the laboratory.

Clamp sets C

1 & Dy next. Cast and store them in the

1 above,
Clean the vibrating table and drum mixer of all
concrete left from this batch and dispose of it outside

the laboratory in the manner provided{
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20, Clampksets A2 & Bp in the vibrating table and repeat
the above‘cycle of mixing'aﬁd casting for the 2nd batch
also,

21, After the final casting for the day, hose down the
mixing drum and blades with plenty of water and waéh
thoroughly all the equipmént including wheelbarrow,
trowels etc. used for these operations.

4,4 Vibrating and Revibrating Procedures.

In this investigation, vibration of concrete
refers to that used for initial compaction only during the
‘process of césting the “est specimens, For this purpose
use was made of vibratirg Table I with the moulds firmly
clamped to it aé explained in Chapter 1II. The initial
compaction was generally achieved by operatingkthe
vibrating table for a périqd of 2 minutes} in}the case of
some batches with high water-cement ratios where segregation
became evident, the duration of vibration was limited to one
minute; it 1s so indicated in the Casting Reports. (see
Apﬁendix A.) Thus all the sets in a batch, (including the
cohtrol set) were subjected to the same condition of |
vibration for the purpose of achieving compaction of concrete
and elimination of air voids. | |

- As distinct from the initial vibration 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 the concrete specimens were
subjected after casting. Revibration was one of the most
important variables used in this investigation and it was
varied in terms of.duration as well 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 %
minute up to 8 minutes, but the greatest number of specimens
made were for a revibration time of 2 minutes. The
revibrations were repeated at specified intervals during
the initial period of 18 hours, the intervals between
vibrations generally varying from one hour to four hours
depending on the vibration charagteristics specified for a
particular batch, Every batch in this series is disfinguished
by its vibratidn characteristics: +thus 2 minutés at 4 nr,
means that the sets subject to revibration were vibrated
for a period of 2 minutes each at intervals of 4 hours during
the first 18 hours after casting, The foliowing table lists

the revibration characteristics investigated:
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TABLE X

REVIB, CHARACTERISTICS PERTAINING TO DIFFERENT BATCHES

Revibration Characteristics Batch Nos,

1/2 min, at 4 hours 18 to 21

2 min, at 1 hour 715 to 17

2 min, 'at 1 hour for first 5 hours only 26, 27

2 min, at 1 hour for last 3 hours only 28, 29

2 min, at 4 hours | 9 to 14, 30 to 37
4 min, at hours ‘ 38, 39

'8 min. at 4 hours - 22 to 25

It will be noticed that a variation was
Aintr§duced in the case of Batches 26 to 29{ Batches 26 &
27 had revibration characteristics of 2 min, at 1 hr. fér
the first five hours only, where the relevant sets were
‘revibrated for a period of 2 minutes each every hour for
the first five hours only after casting;’also Batches
28 & 29 had seté which were revibrated for 2 minutes each’
at hourly.intervals during the,laét 3 hours only of the
18 hour period after casting., In compariéon with sets
having revibratidn.characteristics of 2 min. at 1 hr., for
the full 18 hour period after casting,.these batches were
intended to show whether any significant inéreasé in

strength took place due to an earlier or later revibration,

Batch 17 was cast with five sets, each

revibrated once only for 2 minutes, but after an interval
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of 1, 3, 6, 10 and 16 hours respectively after_casting; the
control set was not revibrated at all, This last set was
a case of delayed revibfétion rather than repeated reVibrationov

4,5 Low Pressure Steam Curing,

| Each typical batch contained a set of specimens
éubgected to steam curlng only,desxgnated Set C and another
set subjected to both rev1bratlon and steam curlng de31gnated
Set D, ,

The steam curing cycle involved a preSteam

period of 5 hours, follOwéd by‘a steam curing period of 13
hours during which the Speoimens were subjocted~fo steam at
étmospheric oressure, The admission of‘steam waé.regulated
to achieve a temperature rise of 40°F per hour in the
qpe01menq up to a max1mum of 150 F: thls was to be maintained
for the rest of the steam CUPlﬂU period. The presteam perlod
and specifications regarding temperature rise and maximum»
temoerature are in accordance with the recommendations of

(2) L)y (#), (5), (28) et al
and other ; these are

Hanson
accepted and w1dely practlsed by the precast concrete.
1ndustry w1th sllght modlflcatlons. ‘

| As descrlbed in deta:l in Chapter III the
regulafion of steam was achleved.by manual controls, which,
‘although not véry précise, geﬁerally gave values within
acceptaole limits. .The ééfs intended for'steam curing’

-alone, generally Cl & C2 were transferred to the steam
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curing box Immediately after casting, covered with the
polyethylene top sheet and allowed to stand for 5 hours,
Sets Bl and B2 subject to revibration and steam curing, .
~were generally clamped to vibrating Table II immédiately
after casting and also covered with polyethylene to under-
go a presteam veriod of 5 hours. At the end of this period,
the temperature of the specimens was noted and steam
admitted into the steam curing box as well as into
vibrating'Table IT converted into a steam curing enclosure;
the entry of steam was regulated to obtain the desired -
temperature rise (4OOF per hour) andvthe maximum temperature
(l5OOF). ‘The temperatures were initlally monitored every
15 minutes to check the rate of temperature rise, but after
the maximum was reached, the interval between temperature
checks was extended to half and then one hour, Steam was
shut off after 13 hours of steam.curing.

The end of steam curing also marked the end of
the 18 hour period after casting; during this period, the
spebimens,se required were alse re&iberated; after this
period no physical operations were performed on the |
Specimens-end they were either tested immediately for
early-stfength tests or stored away for testihg at iater
ages. Usually the first batch cast, consisting of sets
Ay Bi. Cl' & Dl was intended for early stfength tests and
the second batch consisting of sets Aps Bp, Co, & D, was

intended for testing at later ages,
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Although it was originally desired to obtain

18-hour strengths of the specimens, practical difficulties
“involved in achleving this objective préved insufmountable;
- consequently most of the early strength values were for
’20_- 22 hours. It was found impossible to perform 1l8-hour
strength tests due to the time involved in stiripping moulds
from'all‘the twelve specimens, capping and testing them one
by one,

4.6 Storage And Moist Curing,

Batches planned for testing at later ages were
stored away soon after the specimens were removed from the
moulds and batch, set and specimen.numbers were marked in
indélible waterproof ink on their sides and tops; the latter
was done to recérd the identity of each concrete éylinder
and eliminate subsequent confusion or errors.

Initially it was planned to store the cylinders
in the fog curing room until about six hours before their‘
scheduled testing time when they would be removed for
drying out and capping before being tested. However this
plan proved impossible to implement due to the limited
storage space available and the demands made on it by other
users of the laboratory. Consequently many batches had to
be removed from the fog curing room much ahead of the

scheduled time; there were five batches which could not be

éccommodated at all in the fog curing room and had to be
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left in a corner of the laboratory under normal room
conditions of temperature and humidity. Thus curing
conditions were not constant from batch to batch during
storage and account will have to be taken of this fact
during evaluation of the results, However, pfecautions
were taken to maintain uniform conditions for all the sets
in the same batch by storing the whole batch as a unit under
humid or dry conditions; this ensured that results of the
various sets in a batch are comparable in every case,

4,7 Testing Procedure.

With the exception of the first fouf‘batches
during initial trials, all concrete cylinders during
preliminary and final investigations were capped before
testing., Capping material used was mainly sulphur, and
bccasionally sulphur mixed with a black proprietary
compound manufactured Specifically for this purpose,

After removing the test specimens from the moulds
at the end of the 18 hour périod,'those specimens désignaﬁed
for sfrength tests at 18 hours were cap?ed immediately and
'subjected to compreésion tests, These speciméns weie.
usually tested at an age of 20 - 22 hours, due to delays
in stripping, capping, allowing the caps to harden and
testing them, The age of the test speciﬁens was taken to

e the mean age of the batch during compression tests.,
Specimens to be tested at later ages were usually

-taken out of the fog curing chamber at least 6 hours ahead
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of time to allow them to dry out before capping,and the

caps to harden before testing,

The specimens were usually tested batchwise and

all remarks pertaining to the physical description of the

specimens and their behaviour under loading were noted in

"Test Report" forms at time of testing, Specifically the

following information was noted:

(a)
(v)

(e)

(4)

Identity of Specimen: Batch set and specimenvmarkings.
Test Age of Specimen: In terms of days and hours‘after
casting.

Description of Specimen; (1) Whether-roﬁgb or smooth

surface,

(11) Whether surface peck
marked due to superficial
air holes and greatest
dimension of holes,

(iii)‘Evidence of deep holes,

(iv) Evidence of mortar loss.,
(v) Whether cap defective,
Mode of failure:
(i) Bohd,failure,IWhen failure tookvplace due to

crushing of mortar only and the failure plane did not

pass through the aggregate, This occurred in the case

o specimens where the mortar had not developed

sufficient strength due to lack of cufing,at early age,



(ii) Aggregate failure, where the plane of failure
substantially passed through aggregates due to the
cement mortar having attained sufficient strength to
be at least as strong as the_aggfegates in.the concrete
mix.,

(iii) Tension failure, when vertical splitting of the
cylinder took place, usually accompanied by an
explosive sound. This happened in the case of
specimens with Convex surfaces top and/or bottom,

or those possessing very high strengths.

(iv) Diagonal Shear, where the plane of failure was
inclined at approximatély 450 to the longitudinal axis
of the cylinder. This was the most common mode of
failure,

(v) Cone or Wedge Shear, where top and/or bottom

cone (or in some cases, wedée) formation was observed
during the process of failure; Many specimens failed
in this fashion., |

(vi) Edge failure, when just a small portion of the
edge broke away, usually due to defective capping.-
After an apparent initial failure, the épecimen was
usually able to sustain more load until final failure.
In some cases more than one cycle of partiél.failure

and reloading took place.



(vii) Cracking, where a general cracking over the

surface of the cylinder could be observed due to

crushing of the mortar and/or aggregate,

(e). Maximum Load at faiiure,

specimen under test.

(f) Storage Characteristics

tested at later ages to help

the strength test results,
Fig, 11 illustrates the

the test specimens mentioned

to give the strength of

in the case of specimens

in the proper evaluation

various modes of failure

above:

the

of

of
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Edge failurs

Bond failure in
mortar paste.

Close-up view showing
bond-shear failure of
cement mortar only; the
aggregate is intact,
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4,8 Preliminary Trials for Mix Design.

A preliminary investigation was undertaken to
determine the most efficient mix design for concrete using
the materials available lqcally and the equipment installed
in the laboratory. The criteria for efficiency of the mix
design wére 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 aggregate, grading of the fine and coarse
aggregates, type of cement, efficiency of the mechanical
‘mixer etc.,, an important factor in this investigatioﬁ was
the affect of the vibrating table used; this is a highly

indeterminate quantity from the theoretical standpoint and

hence resort to trial mixes was quite imperative., Also mix

designs based on trial batches are a common practice in

“many situations: for example, on very largé projects where

89

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

or for dam construction where peculiar features like the heat

of hydration or'the-availability of unusual type:bf aggregateé'

could be critical factors,
‘Reference may be made to'Chapter III for detailed

‘properties of the materials and the equipment used; earlier

parts of this Chapter list the procedure followed for mixing

and casting the concrete,
Given the basic constituents of‘ébncrete, namely

cement, fine aggregate, coarse aggregate and water.
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variables involved in the design of concrete mixes are;

(1) Water to cement ratio (W/C Ratio),
(i1) Cement to aggregate ratio (C/A Ratio).
and (1iii) Fine Aggregate to coarse aggregate ratios
Since it was the intention to ultimately
investigate the effect of delayed revibration and steam on
concrete conforming to various water-cement ratios, the
preliminary trials were designed to evolve the best mix
for each W/C ratio; for convenience these were'éelected as
0.3, 0.4, 0.5, and 0,6, The cement to aggregate ratlos
selected for 1nvestlgatlon were: 14, 115, L:i5.5, 1:6 and
1:7. The percentages of sand (fine aggregate) in the total
aggregate were selected as 48%, 49%,‘50%. 51% and 52%.
Obviously a combination of all theIVariabies

involved in each of the three ratio-catagories would result
in a total of 100 trial mixes; to research these would
requlre an unrealistic expenditure of time and effort, Just
for the determination of optlmum mixes, Consequently, the
‘follow1ng procedure was followed during the prellmlnary
1nvest1gatlon._

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

results of the 30 sets 1nvest1gated were deemed 81gn1f1cant

" enough to apply to other batches not so 1nvest1gated. ,
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-Behaviour of the concrete in various combinations of its
constituents as listed in Table XI is reproduced in
graphical form in Figs, 12 & 13, Details of the preliminary

investigation are given in the Appendix.

TABLE XI
CONCRETE MIXES USED FOR PRELIMINARY INVESTIGATION

Batch No. Set No., W/C Ratio C/A Ratio % Sand in

Aggregate

I 1 0.6 14 50
2 135 .

3 " : 1:5:5 BE

K “ 1:6 "

5 " 1:7 ' “

II 1 0.6 Lok 48
2 " . U9

3 " " 50

i " " 51

| 5 " N - 52
IIT 1 0.3 s 48
2 . 1l:5 "

3 . 1:5-5 "

I " 1:6 B

5 " 1:7 "




TABLE XI (contd.,)

Batch No. Set No, W/C Ratioc C/A Ratio % Sand in

Aggregate

v 1 0.3 Lol 48
‘ 2 " . 49

3 ; " 50

B " " 51

5 " 52

v 1 O.b 1ik 50
2 o ‘ 1:5 n

3 R 1.5.5 R
n Z 1.6 "

5 " 1.7 .

VI 1 0.4 1.4 48
2 " L9

3 " " 50

I “ K <1

P . . o

VII 1 0.5 1k 50
2 " L5 "

3 " Liss "

4 " 116 ‘ "

5 " 1:7 -

VIII 1 0.5 14 48
> W W v Ly

3 " N 50

i o " 51

5 " " 52

- Conclusions., The following conclusions can be drawn from

the curves in Figs. 12 & 13,
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‘l) The strength of concrete increases with decréasing
proportion of aggregate in the cement- aggregate
ratio., (Fig. 12).
2) This effect is much more marked in the case of
concrete with water/cement ratio equal tblO.B and 0.4 than
with 0.6 (Fig, 12).
3) Curiously, early strength with higher aggregate
proportion is observed to be lower in concrete having
water/cement ratio = 0.3 than with W/C = 0.6, This is
probably due to the fact that the available water was not
sufficient to hydrate all the cement present and hence loss
in strength, _
4) Medién strength Values are found to be at or near
cement/aggregate ratio of 1:5 (Fig. 12).
5) Strength increase is very rapid in mixes richer than
1:5, C/A ratio except for concrete with W/C ratio = 0.6
(Fig, 12),
6) A decrease in the strength of concreté is obéerved
with increase in percentage qfvsand in the aggregate
within the range investigated i.e. 48 - 52% (Fig, 13).
?7) The loss in strength is not Very appreciable at 7
days, being a maximum of 8%: but early age tests show a
decrease in sirength of uﬁ to 60%.
8) Median strength values seem to be at 50% sand .

'proportion,
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- 4,9 Final Mix Design.

On the basis of results obtained from the
foregoing trials, it was deemed adequate to design just
one mix for each W/C ratio to be investigated, The W/c
ratios considered fa this purpose were 0.4, 0.5 and 0,6,
Table XII shows the mixes used in this investigation,

TABLE X1I
CONCRETE MIXES USED FOR FINAL INVESTIGATION

No. | W/C Ratio % Sand in C:A Ratio
: Aggregate
1 0.4 48 L
2 . 0.5 49 - 14
3 0.6 : 50 ' 1:4

Certain batches had to be cast immediately after
a fresh lot of sand was delivered to the laboratory; since o R
it had no time to dry out, its moisture content had to be
accounted for, and the water/cemént:ratiq of the'batch
was consequently not the same as intended. Batches so
affected are numbered 12, 17, 34 and 35 and their
chéracteristics‘have béen noted in Appendix A and in
Table XIII.

Mixes with W/C ratio = 0,6 were also adjusted

to account for the moisture content in the fine and coarse
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aggregates as determined by laboratory tests,
| The following are the actual weights of
constituents used for casting the principal concrete mixes,
Concrete thus obtained was enough to make 12 cylinders: i.e,

4 sets of 3 cylinders each for each batch.,

Mix No. li=  W/C Ratio = 0.4
C:A = 134
% Sand) g
-in aggregate)
Water = 28 lbs,
Cement =70 °©
Sand = 134,4 lbs,
Gravel = 145,6 o
Mix No. 25- W/C Ratio = 0.5
CsA - = 134
% Sand)  _ 49
in aggregate)
Water = 34 lbs,
Cement = 68
Sand = 133.3"

Gravel = 138,7%

Mix No., 3:= W/C Ratio = 0.6
C:A = 134
% Sand) . 50

1n aggregate)

Water 34,6



Cement
Sand

Gravel

= 67,84,

140,0 Moisture Content
137.4 Moisture Content

98

3%
1%



CHAPTER V
TEST RESULTS

5.1 Summary of Test Results Obtained:

Results of all the tests conducted in the
final parf-of the investigation are given in Table XIII,
They are listed batchwise starting from Batch No. 9.
Batches No. 1 to 8 were investigated during preliminary
trials described in Chapter IV,

5.2 Average Valuess

The values given in Table XIII are based
generally on an average of three test cylinders.v However
test results of some cylinders had to be reaected because
of the follow1ng conditions;

a) Defective Capping: Due to the presence of an air
pocket in the cap or unevenness. of the Surféée, crushing
of the cap took place in some specimens during compréssion
tests accompanied by edge failure of the concrete cylinder.
The characteristic noted was that'only a small part of the

cylinder sheared off (see Fig, 14) resulting in a rapid
- v 99 -
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. reduction of load on the indicator dial; a gradual build
up of load usually took place again and sometimes the load
reached at this stage was greater than that at first
partial failure. In some cases this cycle was repeated
severél>times. Invariably load at failure in these
Specimens was much lower than in normal ones failing by
diagonal shear or cone shear. To exemplify this, results

of Batch No. 3% are reproduced in Table XIV,

Fig. 14, Edge Failure
Due to Defective Capping.
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COMPRESSIVE STRENGTH OF CONCRETE: BATCH NO. 34

Set No.|Mode of PFailure|Cylinder Av. Strength
Strength PSI PSI

A | Revib, 1 | Shear, cracking 2260
2 w ¥ 2200 2240

3 " w 2260

B | Revib. & 1 | Shear, 3450
. Steamed 2 | Diag, Shear 3780 3910

T 37 0" " 3910

C  Steamed 1 | Diag. Shear 4o4o
2 ® ® 3960 4000

3 Cap. Edge Failure 2040%

D! Air Cured 1 | Shear cracking 1660
é 2 " ® 1780 1730

3] " 1760

It is obvious from Table XIV, that the result of

Specimen No., 3 in the Steamed Set (Set G) is not representativé

of that set and it would be unfair to use it for pbtainihg

- the average strength of the set.

Hence all such values were

rejected in the average evaluations, since to include them

would have given erratic and misleading results, In some

cases. two out of three specimens failed in edge shear and

‘the strength of the set had to be based on the value of the
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single good specimen,
b) Damage in Test Cylinders; 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. 15, (4) (B) (C)),
In some cases the cracks extended right across the section
with the cylinders broken into two or more pleces, (Fig.
15). This damage invariably occurred in cylinders subject
to repeated revibration at frequent. intervals usuélly in
the first few hours after casting. Examples of this type
of damage are Batches 15 & 16 with revibration charabteristics
of 2 min. every hour and Batches 26 & 27 with revibration
characteristics of 2 min./l'hr; for the first 5 houré only.
The conclusion about the adverse effect of frequent re-
vibration in the first few hourslafter casting is sub-
stantiated by comparing results of Batches No. 9 ete, with
revibration characteristics: 2 miﬁutes'at 4 hour intervals,
- and. Batches 28 & 29, revibrated 2 minuies every hour during'
the last 3 hours only of the 18 hour cycle. Cylinders for
these batches showed nd cracks whatsoever, The damaged
cylinders_were also subjected to compressive strength tests
_but the results were too low and divergent tO‘be_uséful as
an indication of the true strength of the concrete,

Therefore results of these specimens were also rejected in

the fiﬁal analysis,
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c) Miscellansous Causes: Malfunction of the test machine,
in either loading the specimens too suddenly or the platens
bearing down on th2 cylinders at an angle, usually caused
failures similar to edge failure. (Fig. 16). Sometimes
tensile failure was also caused, evidenced by a horizontal
crack near the middle of the cylinder (Fig. 17) accompanied
by an abrupt drop in load. These tests were also rejected
as being unrepresentative of the true indication of concrete
stréngth. Quite often it was difficult to distinguish

between this type of failure and the true edge failure as

described earlier,

Fig., 16 Edge Failure Fig, 17 Tensile Failure
In Test Specimen in Test Specimen
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5.3 Empirical Equation And Curve Fitting,

By defination, an empirical equation is derived
from experimental data. Since it has no theoretical basis
its form and arbitrary constants are unknown. Hence quite
often, selection of a satisfactory empirical equation to
represent a set of experimental data involves a process of
trial and error.

Ideally an empirical equation should represent
all the experimental data closely, yet have few arbitrary
constants. Therefore the cholce is between precision of
fit and simplicity; considering the inaécuraciés inherent.
in experimental data9 a compromise between ﬁhe two is
usually the best answer, | |

The solution to a satisfactory empirical
equation is greatly facilitated by the selection of suitéble
coordinates yielding as nearly a straight line as péssible.
Such an equation can then be tested for suitability. °The
Graphical Suitability Test® for an empirical function to
represent a set of data'involves the fdllowing stepsz
1. Writing an assumed relation, f (X, Y, a, b) = 0.

in linear form F; = A + F,.

2. Calculating F. & F, for widely separated points,

1

3. Plotting Fl as a function of er If a'straight line

is obtained, then the equation is satisfactory,
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The final step in the solution of the equation is the
evaluation of the arbitrary conétants, The Method of Least
Squares, though cumbersome, is the most accurate,

The data obtained in this investigation was
desired to be represented by graphical curves for
comparison and easy evaluation., Since the Age versué
Strength curve is not of the linear form, it was found
difficult to select the best curve to Tit the points
plotted on an Age-Strength graph. Hence it was endeavoured
to obtain an equation to relate the Age & Strength of
concrete, and then iry to plot the best curve possible.

From an inspection of the plot of Age-Strength
curves, it appeared that the curve is of the hyﬁerbolic
type represented by the equation Y = X/ (a+bX),

Following the procedures outlined'above forzthe seiection
of empirical equations, it was decided to verify thé
assumption regarding the équation of the curve by a'tést
plot of the points uéing coordinatesx X, X/Y. It was -
found that the points so pldtted approximated a straight
line. It was'therefbre'concludedvthat the assuﬁption was
correct., |

| The arbitrary constants °‘a® and ‘b were

calculated using the °*Method of Least Squares’ as follows:-
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Case where: X, the independent variable, is exact:
Y, the dependent vafiable,is liable fo
and the chosen equation can be reduced to
the forms Y = a 4 DX cocecocascccosooe (1)
Let: Y represent values defined by above equation,
Yo, the observed values,

and N, number of observed points.

Then Na < bEX =§Y0 0006000000000 600000680000020080006606Q0° (2)

aEX + bEXZ =§XYO ©0000090000GGCO00GACACOCO0CO0EQD0CO0OO (3)

Solving (2) and (3) simultaneously:

a =EX EYO "'EXEXYO 0600000600000 8000200090800G0 (a‘)

xSx% - (Sx)?
and b = XEXYO -EXEYO ©¢060000600060090600000000600060 (5)
x2x% - Gx)?

Solve for *a‘* & 'b°* and substitute in equation (1).

The whole procedure will now be illustrated for the
results of tests on batches conforming to w/C rafio 0.4
and rev1bratlon characteristic of 8 min./4 hrs, The rest

results were as followss-
TABLE XV

COMPRESSIVE STRENGTH OF CONCRETE (PSI)

WATER CEMENT RATIOs O.4, REVIBRATION CHARACTERISTIC: 8m1n/u hr,

Batch No. Test Age Hrs. (A) Revib, (B) Revib, (C) Steamed Air
& Steamed Cured

24 20 1940 4050 4110 1750

22 184 6540 6630 5890 6800

23 668 6920 57060 5770 - 7650

25 1531 7200 7290 7370 7670
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Detailed calculations as follows for Set (A) are typical

of all sets of batches tested in this investigation.

X x2 Y oo X2y
1 20 400 1940 .0103 . 2062
2 184 33856 6540 0281 5.1768
3 668 bLU6224 6920 0965 64,4832
4 1531 2343961 7200 .2126 325.5501

2 2403 28244041 . 3476  395,4163

The hyperbolic eqn,- Y = X/(a + bX).

can ve rewritten in the linear form as:
X
Y

with coordinates (*) and X.
Y

Here X is Age of test specimen in hours,

"a*bx © 690000600 0C0Q000880O000@00000Q0CO0CO0D0OVGCOO0 QOO OOC (6)

& Y is compressive strength of the specimen in PSIa
~ Using the Method_of Least Squares for détermining the arbitrary

consténts *a’® and b of eqn. (6), we have :=

Na + bS X =-§(X -

a>X + b X2 -E(x e
Substituting the values for N (=4) EX,E ,4_){2,2)(2 as
tabulated above we get:

La + 2403b = 0934?6

2403a + 2824441b = 395, a163
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Solving the above equations simultaneously, we get:

U

a 0.005727

& Db

0.000135,

Then the straight line equation with the coordinates
(E) & (X) is:
Y

(£) = 0.0005727 + 0,000135% vevererrnrrrsrnnnn, (7)

=

Here a is the intércept on the ordinate (f)
and b is the slbpe of the line,
Ean (7) can be transformed to the hyperbolié equation
of the type Y = X/a + bX
with the coordinates X and Y as follows: _
= X/(0,005727 + 0,000135X) teceasovooscescoss (8)
Equation (8) is the empirical equation representing
the Age Vs Strength relationshin of thé four tests conducted
on specimens of Set (A) and the curve corresvonding to the
above equation drawn with X, Y coordinates would be the best
curve for the experimental daiae Fig, 18 illustrates the
results of set (A) graphically.
' Figs. 19, 20 and 21 were similarly plotted for the
data in Sets (B), (C) and (D) of Table XV. Graphs of all
similar data have been drawn and are included in Appendix B.
Recapltulatlng and summarlslng,test results of all
specimens with similar characteristics,i.e. those belonging

‘to similar sets and having the same W/C ratio ,were plotted

on a graph with the coordinates i and X, X repressnts_the
; : Y -
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age of the test specimen in hours and Y represents its
compressive strength in PSI, & linear @quati@n representing
the best fit for the exper;mental data was der;ved using
the meth@d of least squafese' & llne was plotted ‘on the
basis of values of *a* & éb’ as calculated from the above
equation; and designated 'as (%) = g + bXs This line was:
transformed to the type Y = X/(a«%bx)g using the same
values of °a’ & °b¥ and plotted on graph with X = Y
coordinates, By iﬁspéctiOn'this curve appears to be the
best fit for the experlmental data pl@tted th@?@f@fe it is
concluded that the f@?m of the emp;rleal equation is a

correct one,

S.4 Analysis 0f T?st Resuitss
Using the above‘tééhniqueo strength curves were
plotted for con@reﬁeS»éonfOFming to various water/cement
ratios and subjected to different processes, These
strength curves were bfought,together f@f comparison, as
shown in Figs. 22 to 343 in each ease one variable was
used for comparison of relative strength chafacteflstlcse
For the purpose of readlng the graphs, the terms
used thereln are explained belows
Revibrateds vrefers to concrete specimens which were
subj@ct@d to delayed gnd repeated'vibfatibn
afterﬁéasting; Méevibéati@n characteristic of

% min. every & hours (or % min./4 hrs.) means



Steamed:

Revib,

and
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the concrete was subjected to vibration
for a duration of % minute and tr's was
repeated every 4 hours after the time of
casting, up to the cut-off time limit of
18 hours, Similarly 2 mins. every 4 hrs.
or (2 min./4 hrs,) and 8 minutes every

4 hrs. or (8 min./4 hrs,) refers to

vibration for the duration of 2 mins. and

4 mins, respectively, repeated every 4

hours up to the time limit Qf 18 hrs,
after casting,

refers to concrete specimens subjected tb
steam curing according to the standard
procedure recommended by Hanson for pre-
casting plants, this involved an imitial
presteaming period of 5 hours followed by
low pressure steam curing, so regulated
as to producé a temperature rise of 400F

per hour in the concrete specimens with a

" maximum of 150°F9-which was to be

maintained until 18 hours after casting.
Steameds refers to specimens which were
subjeéted to both revibration and steam
curing simultaneously during the first

18 hours after casting.
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Air Cured: refers to control specimens which were not
subjected to any of the processes as
described above during the initial 18 hour
period after casting.

During casting however, all specimens were
subjected to 2 mins. initial vibration for the purpose of
achieving proper cpmpactiong exception was made in the case
of concrete with water/cement ratio = 0.6, when only %
min, of initial vibration was considered sufficient to
achieve compaction, At the end of the 18 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 stored away for testiﬁg af a later age.

5.5 Relative Compressi?e Strengths Based On Strength Curves,

Strength curves of concretes subjected to
different processes during the initial 18 hour périod after
casting.as compared in Figs. 22 to 28, Figs. 22 to 24
compare concretes with water/cement ratio = 0.4, but with
different revibration characteristics i.e. % min./4 hours,

2 min./4 hrs., and 8 min/4 hrs, respectively. Fig. 25
pertains to‘conérete with water/cement ratio = 0,45 and

Fig. 26 to concrete with wéten/cement ratib = 0.5, Concrete
with water/cement ratio = 0.6 is describéd in Fgs. 27 and

28; the revib. characteristies are 2 min./4 hrs., and 4 min,/

4 hrs. respectively. To facilitate evaluation and
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comparison of the test results, each Figure will be

considered individually and commented upon,

Fig, 22 Relative Strength curves for concrete (water/

cement ratio = 0.4; revibration characteristics £ min.

every 4 hrs,)s-

Comparison of early strength (1 day) indicates a
fairly wide spread of compressive stréngth values; these
tend to converge appreciably up to ages 10 days after
which they seem to even out. Concrete sub jected to
simultaneous revibration and steaming (Set B) has the
greatest strength at 1 day, followed by concrete subjected
to steéming only. Concrete subjected to revibration only
seems to have suffered éomewhat having a lower value than
the air cured concrete (Control Set). At age: 90 days,
the Revibration & Steamed Set indicates the 1éast Strength
compared to the other sets, Curiousiy, concrete subjected
to steaming only appears to be the strongest, although only
marginaliy; asvcompared to the normal air cured concrete,
The set subjectéd to revibration only is slightly better
than the steamed set, Based on results of Fig. I, Table
'xvi»indicates the percentage gain or loss in strength

compared to normal air cured concrete at 1, 28 and 90 days.
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TABLE XVI
STRENGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES

COMPARED TO NORMAL AIR CURED CONCRETE (WATER/CEMENT
RATIO = 0,4, REVIBRATION CHARACTERISTIC: % MIN,/4 HRS,

¥ Gain (+) or Loss (=) in Strength at:

Set Type of Concrete

1‘Day 28 Days 90 Days
A Revibrated - 22% - 6% - Lbg
B Revib, & Steamed + 38% - 8% - 8%
C  Steamed ’ + 25% + 3% + 3%

# Compared toc Normal Air Cured Concrete.

Fig, 23: Relative Strength curves for concrete (water/

cement ratio = 0,4, revibration characteristies: 2 min.

every & hré.)z-

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 1 day; followed by Steamed Revibrated
and Air Cured in that order. At 90 days, Steamed Concrete
is the strongest followed by Revib, & Steamed, Air Cured
and Revibfated respectively. Revibrated concrete starts
out as being somewhat sironger than normal air cured concrete
at an early age,'but seems to lose this advantage at later

ages. This is exemplified by Table XVII:-
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TABLE XVII

STRENGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES
COMPARED TO NORMAL AIR CURED CONCRETE (WATER/CEMENT
RATIO = O.4, REVIB. CHARACTERISTIC: 2 MIN./4 HRS. ).

# Gain (+) or Loss (-) in Strength at

Set Type of Concrete

1 Day | 28 Days 90 Days
A Revibrated + 149 - 2% ' - 2%
B Revib. & Steamed <+ 35% 0 0
C  Steamed + 18% + 6% . + 6%

¥ Compared to Normal Air Cured Concrete,

Fig, 24: Relative Strength curves for concrete (water/

cement ratio = 0.4, revibration characteristies: 8 min./

4 hrs,):-

In this case normal air cured concrete seems to hold

the edge over all the other types as far as strength is
concerned but the curves are somewhat misleading as far

as early strength is concerned. Reference to results of
‘Batch 24 (Table XIII) shows that in faect at a test age of
20 hours, the air cured specimens had the least strength,
The reason for this discrepancy would seem to be that in
Fig, 2& the strength at later ages has influenced the shape
of the curve at early age, in the case of the air cured
specimen., Therefore in this case curves of Fig, 24 will be

disregarded, and test results of Batches 24, 23 and 25
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(from Table XIII) respectively will be used for
evaluation of percentage gain or loss in strength compared

to normal alr cured concreie,

TABLE XVIII

STRENGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES
COMPARED TO NORMAL AIR CURED CONCRETE (WATER/CEMENT RATIO=
O.4, REVIB. CHARACTERISTICS: § MIN./4 HRS.)

*Gain (+) or Loss (=) in Strengtﬁ at
Set  Type of Concrete 30 Hrs, ~ 28 Days .~ 64 Days
' (Batch 24) (Batnth 23) (Batch225s)

A Revibrated + 11% - 9% - 6%
B Revib, & Steamed +132% -25% - 5%
C Steamed +135% -24% - 4%

# Compared to Normal Air Cured Concrete.



126

Fig, 25; Relative Strength curves for concrete (water/

cement ratio = 0,45 revibration characteristicss 2 min./

4 hrs,):-

This Fig. shows a wide range of early strength values
converging gradually towards 28 day strength, aftef which
they even out. At early age (1 day) steamed set (C) is the
strongest, closely followed by the Revib. & Steamed Set (B),
then Revibrated Set (A), and lastly the Normal Air Cured
Set, At 28 days, Revib. & Staamed Set (B) was the strongest
followed by Revibrated Set (A), Air Cured Set (D) and
Steamed Set (C) respectively. The curves in Fig, 25 closely
follows the actual test values tabulated in Table XIIi,
Table XIX shows percentage gain or loss in strength for the
different types of concretes compared to the normal air

cured concrete,

TABLE XIX

STRENGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES,
COMPARED TO NORMAL AIR CURED CONCRETE: (WATER/CEMENT
RATIO = 0.45, REVIB. CHARACTERISTIC: .2 MIN./4 HRS.)

*Gain (+) or Loss (-) in Strength at

Set Type of Concrete T Day 38 Days 50 Days
A Revib, + 29% + 8% + 7%
B Revib., & Steamed +108% +10% + 7%
¢  Steamed +122% - 1% - 5%

¥Compared to Normal Air Cured Concrete (Set D),
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Fig, 26 Relative Strength curves for concrete (water/

cement ratio = 0.5, revibration characteristic: 2 min,/

L hrs.)i-

The Revibrated and Steamed Set (B) shows‘highest
gain at early age but at about 7 days it shows a marked
loss in strength compared to the other sets. The air
cured set (D) starts out with least strengfh at early age
but gains on the other types gradually so that by age 28
days it shows the highest strength compared to the others,
The Revib. Set (A) and Steamed Set (C) have intermediate
values, being stronger than normal air cufed concrete 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.

TABLE XX

STRENGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES
COMPARED TO NORMAL AIR CURED CONCRETE: (WATER/CEMENT
RATIC = 0.5, REVIB. CHARACTERISTIC: 2 MIN. AT 4 HRS.):-

#Gain (4) or Logs (-) in Strength at

Set Type of Concrete

1 Day 28 Days - 90 Days
A Revib, + 50% + 1% - 3%
B Revib, & Steamed +154% =15% -20%
C  Steamed 4+ 60% - 1% - 4

# Compared to Normal Air Cured Concrete (Set D).
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Fig. 27 Relative Strength curves for concrete (w/c = 0,6,

revibration characteristics 2 min,/4 hrs,):-

In this case also, the normal air cured concrete
shows the least strength at early age; it gains over the
Steamed sets at later ares, but remains weaker than the
Revibrated Concrete, The Steamed Set (C) show: the
maximum gain in strength at early age but loses this
advantage  completely at later ages being only marginally
stronger than the Revib. & Steamed Set (B), but weaker than
the Air Cured (D) and Revibrated (A) Sets. Table XXI

illustrates these points qualitatively:-

TABLE XXI

STRENGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES
COMPARED TO NORMAL AIR CURED CONCRETE: (WATER/CEMENT RATIO
= 0,6, REVIB. CHARACTERISTIC: & MIN. AT 4 HRS.).

* Gain (+) or Loss (- in Strength at
Set Type of Concrete 1 Day 28 Days 90 Days
A Revib, | + 5% + 11% + 11%
B Revib., & Steamed +50% - 5% - 6%
C  Steamed +70% - 2% - 4y

* Compared to Normial Air Cured Concrete (Set D).
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Fig. 283 Relative Strength curves for concrete (W/C = 0,6,

Revibration characteristic: 4 min,/4 hrs.).

In this case there seems to be a wide range of values
both at early and later ages. The Steamed (C), and
Revibrated and Steamed (B) Sets are considerably stronger
than the Revibrated (A) and Air Cured (D) Sets at early
Aage but weaker at 28 days and later ages. The Revibrated
Set is however always stronger than the Air Cured Set.

Table XXII illustrates these points clearly.

TABLE XXII

STRENGTH OF CONCRETE SUBJECTED TO DIFFERENT PROCESSES
COMPARED TO NORMAL AIR CURED CONCRETE: (WATER/CEMENT RATIO
= 0.6, REVIB. CHARACTERISTIC: &4 MIN./4 HRS,). '

* Gain (+) or Loss (-) in Strength at

Set Type of Concrete 1 Day 28 Days 90 Days
A Revib, + 14% + 10% + 12%
B Revib. & Steamed + 97% + 14% | - 17%
C Steamed +102% - 21% - 24%

* Compared to Normil Air Cured Concrete (Set D).
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Fig. 29: Relative Strength curves for concrete for

different revibration characteristics (water/cement = 0.4,

revibration specimens only: Set A).

This Figure indicates the effect of different revib,
characteristics on the strength of concrete with water/
cement ratio = 0.4, and subjected to revibration only of
4 min./4 hrs., 2 min./4 hrs. and 8 min./4 hrs. respectively,
Compressive strength of concrete at 1 day, subjected to
revibration of % min,/u hrs, seems to be almost the same as
that subjected to 2 min./4 hrs.; but the strength falls off
towards later ages, being 27% lower at 28 days., 1 Day
strength of concrete subjected to 8 min./4 hrs, is 19% lower
compared to the other two, but at 28 days it is 18% higher
than concrete revibratei%.min,/M hrs. and 15% lower than
concrete revibrated 2 min,/4 hrs. Therefore it would appear
that revibration of 2 min,/4 hrs. gives better results for

concrete with water/cerant ratio = 0.4 than revibration of

1 min./4 nrs. or 8 min./4 hrs.
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Fig, 30: Relative Sirength curves for concrete for

i

different revibration characteristics: (water/cement = 0,4,

revib. & steamed specimens onlys Set B),

The effect of different revibration characteristics on
the strength of concrete, subjected to simultaneous revib,
4 steaming (Set B) durineg the initial 18 hour period after
casting is considered here, This concrete has a water/cement
ratio = 0,4, The strength curves seem to indicate that 1
day strength is 140% hisher for concrete with # min,/4 hrs,
revibration, and 61% higher with 2 min./4 hrs. revibration
compared to concrete with 8 min./hrs. revibration. However,
this comparison is suspect because at this early age the rate
and degree of steaming has a much more predominant effect
than slight variation of revibration, and considering the
somewhat crude setup of the steam curing arrangement, this
1s most likely the cause of this large disparity. However,
variation in steam curing should not have such a great
influehce on the concrete strength at later ages (say 28
days) and the comparison of strength curves at this age
would be more indicative of the effect of revibration.
Therefore comparing the relative strength at 28 days in
Fig, 30, 1t seems that concrete revibrated 2 min,/4 hrs,
is 46% stronger and that revibrated 8 min Ahrs. is 15%

1

stronger compared to concrete revibrated % min./4 hrs.

and 8 min,/4 hrs, is generally similar and therefore
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comparison of values for these two cases 1s considered
more reliable, Revibration of 2 min./4 hrs. seems to be

better than revib., of 8 min./4 hrs. in this case also,

Fig, 31y Relative Strength curves for concrete for

different revibration characteristics: (water/cement = 0,6,

revibrated specimens only: Sets A,)

In this Fig. two strength curves corresponding to
revibration characteristics of 2 min./% hrs. and 4 min./4 hrs,
respectively are compared for concrete with water/cement_
ratio = 0.6 and subjected to revibration only. The strength
curves indicate that concrete revibrated 2 min./4 hrs. is
stronger by 21% at 1 day compared to that revibrated 4 min,/
L hrs., but gradually loses this advantage at later ages,
being weaker by 15% at 28 days and 18% at 90 days, Therefore
revibration of 2 min./4 hrs., induces an early strength gair
over revibration of 4 min,/4 hrs., but a strength loss is
incurred at later ages for concrete with water/cement ratio

= 006D
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Fig, 32: Relative Strength curves for concrete for

different revibration characteristics (water/cement ratio

= 0.6, revibrated and steamed specimens only., Sets B.).

The strength curves for the two revibration
characteristicss 2 min./4 hrs., and 4 min./4 hrs, compared
in this Filg. are almost ildentical. This 1is the case for
cencrete with water/cement ratio = 0.6 and subjected to

simultaneous revibration and steam curing,

Fig, 333 Relative Strength curves for concrete for different

water/cement ratios: (Revibration characteristics: 2 min./

4 hrs; revib, specimens only Sets 4).

This Fig, illustrates the effect of different water/
cement ratio on concrete subjected to revibration of 2 min./
4 hrs. The water/cement ratios compared are 0.4, 0,45, 0.5
and 0,6 respectively. 7Zoncrete with water/cement ratio =
0.4 clearly is much stronger than the others and gains this
advantage quite rapidly; strength cﬁrves for the others
seems to converge at 10 days and subsequently possess aimost
identical valﬁes. Tabl: XXIII cmmpares these strength

curves quantitatively:

TA3LE XXIII

W/C Ratio *Relative Compressive Strength
N 1 Day 28 Days 90 Days
0.6 1.0 1,0 1.0
0.5 1.15 1.0 1.0
0,45 1,25 1.0 1.0
0.k 1.653 1.66 1,65

* Compared to Concrete with W/C Ratio = 0.6
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Sig. 34 Relative Strenpth curves for concrete for

different revibration characteristics (Revib, characteristics:

? min./l hrs.; Sets B),

Here the effect of different water/cement ratios is
compared on concrete subjected to simultaneous revibration
and steaming., Again concrete with water/cement ratio = 0,4
is by far the stroneest, followed in descending order by
concretes with water/cement ratio of 2.45, 0.5 and 0.6,
Using concrete with water/cement ratin = 0,6 as base, strength

gain for The others 1s given in Table XXIV,.

TABLE XXIV

RELATIVE STRENGTHS OF CONCRETE WITH DIFFERENT
WATER/CEMENT RATIOS: (REVIB, 2 MIN./4 HRS: SETS B).

W/C Ratio * Relative Compressive Strength_ﬂ
_____ 1 Day 28 Days 90 Days
0.5 + 17% + 5% + 7%
nétﬁs + 299% +30% +30%
T o + 30% +180% +110%

* Compared to Concrete with W/C Ratio = 0.6,
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5,6 Effect of Non-repeated Revibration,

Batch 17 (water/cement ratio = 0.5) consisted
of five sets which were subjected to various periods of
delayed revibration; the duration of revibration was 2
minutes in each case and was applied only once, not
repeated as in the case of other batches., A sixth set was
cast as a control set and not subjected to any revibration.
All sets were however vibrated initially during casting to
ensure proper compaction., The test age for this batch was

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

TABLE XXV

EFFECT OF DELAYED REVIBRATION ON COMPRESSIVE STRENGTH
(DURATION OF VIBRATION = 2 MIN., WATER/CEMENT RATIO =
0.5; TEST AGE = 97 DAYS

Set Delay Period for Compressive Percentage gain (+)

Revibration Strength, P.S.I. or loss (-)
compared to Set F.

A 1 hr, aftercastir g 7870 - L4
B 3 hrs, " " 8530 + 44
c 6 " " " 7930 - L,’%'
D 10" " " 7320 - 11%
) 16 1] 1] v 78 50 - U(%

F No Revib. (Control
Set) 8220
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Results of Table XXV suggest that for concrete
with water/cement ratio = 0,5, a non-repetitive delayed
revibration of 2 mins. does not make a significant
difference in the long-term compressive strengths. Only
one set, revibrated once 3 hours after casting, showed any
increase in strength over the normal air cured concrete,
This gain was of the order of 4%. The set revibrated 10
hrs., after casting showed a loss of 11% and the rest showed
a loss of approximately 4% compared to the control set,
Therefore 1t is apparent that no appreciable difference is
indicated in compressive strength due to delayed revibration
for this specific case,

5.7 .Relative Compressive Strengths Using Tabulated Test Data,

In view of the fact that a strength-age curve is
an average and therefore an approximate representation of
actual test data, precise strength comparisons at any
particular age are not possible 1f the values are obtained
from these curves, Results of strength tests at different
ages are Subjeét to numerous variables even though they are
made on specimens with the same normal mixes; not the léaSt
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 concrete, figures from actual

test data are used and assembled in Table XXVI, (see Table

Y111, p. 120, and Appendix A).
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TABLE XXVI

COMPRESSIVE STRENGTH OF CONCRETE SUBJECTED TO DIFFERENT
PROCESSES. (TEST AGE = 20 HRS,, REVIB. CHARACTERISTICS:
2 MIN,/4 HRS.

W/C Batch Revib., Revib. &Steamed Steamed Air Cured
Ratio Ho., Particulars A B c D
0.4 13 Compr. Str., 3060 5520 L1830 2750
* 4+ 119 +101% + 76% -
0.425 12 Compr. Str. 2740 5040 5060 2170
o+ 27% +132% +134% -
0,45 34 Compr., Str. 2240 3710 4000 1730
¥+ 30% +114% +132% -
0.5 30 Compr., Str, 1350 3410 3250 860
* 4+ 509 +296% +278% -

Note: *: Gain (+) or Loss (-) is expressed as
a percentage of the Air Cured Concrete
Strength,

Study of the data from Table XXVI indicstes that
at early age (approxa 20 hrs,), there is a definite gain in
compressive strength of concrete due to revibration,
steaming and a combinatinn of these two précesses, The
strength gain in Table X{VI and in this test is expressed as
a percentage of the normnl air cured concrete strength,

Generally speaking, the effectiveness of steam
curing is much more than of revibration on early strength
gain, For concrete with water/cement ratio of 0.4, the

strength gain due to steam curing is 76% against 11% due

to revibrations; 134% against 27% for water/cement ratio of
0.4255 132% against 30% ior water/cement ratio of 0.45; and

278%‘against 57% for water/cement ratio of 0.5,
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And 278% apainst 57% for water/cement ratio of 0,5,

mffect of combining steam curing and revibration
compared to that of steam curing alone seems to indicate
some advantage for concretes with water/cement ratio of
0.4 and 0.5 but a marginal disadvantage for concretes with
water/cement ratios of 0,425 and 0.45, In the case of
concretes with water/cement ratio of 0.4, Set (B) showed a
strength gain of 101% as against 76% Tor Set (C).

In all cases, the strength gain at early age
seems to Iincrease with increasing water/cement ratios. It
ranges from 11% to 57% for Set (A), 101% to 296% for Set
(B), and 76% to 278% 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 1in the case of

lean mixes,

TABLE XXVII

COMPRESSIVE STRENGTH OF CONCRETES SUBJECTED TO DIFFERENT
PROCESSES. (NOM, TEST AGE: 28 DAYS; REVIB, CHARACTERISTICS:
2 MIN./4 HRS.).

w/C Batch Revib. Revib. &Xeamed Steamed Air Cured
Ratio No. Particulars A B c _ D
0.4 9 Strength, 'SI 8450 8630 9230 8500

i 0 + 2% + 9% -
0.45 35 Strength, PSI 5110 5230 L660 4730

3 + 8% +11% - 1% -
0.5 33 Strength, PSI 4980 3770 5020 Lol

* 0 -24% + 2% -
0.6 37 Strength, PSI 5000 4300 4h20 4520

* +11% - 7% - 2% -

Note: #: Gain (¥) or Loss (-) is expressed as a
percentage of the Air Cured Concrete
Strength.,
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Table XXVII shows comparative strength values
at a nominal test age of 28 days, The appreciable
strength gain at early age seems to have been lost and the
advantage over normal air cured concrete due to the different
processes 1s only nominal, if that: some of the steamed
and revibrated (Set B) specimens show a loss of strength,
This is in keeping with the findings of other researchers
(2), (28)and (BB)as far as the steamed specimens are
concerned. But concrete with water/cement ratios of 0.4 and
0.45 still shows a slight gain for Set (B) compared to
normal air cured concrete. Set (A) subjected to revibration

only still seems to hold an edge and shows up to 11% gain

over normal concrete,



CHAPTER VI
CONCLUSIONS

The following represents a gist of the
conclusions that can be drawn from the results of this

research,

1. Repeated revibration at short intervals during
fhe first two hours after casting can cause
serious damage to the setting concrete,

2. Early strength generally showed an increase
due to all the processes: revibration, steam
curing, and a combination of the two. Greatest
increase in early strength was obtained for
concrete subjected to combined revibration and
steam curing, less for steam curing only, and

least in the case of revibration only.,

- 150 -

-
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A loss in strength was obtained at 28 days and
later ages 1in most cases of steam cured and
combined revibrated and steamed specimens,
Generally concrete subjected to revibration only
showed some increase in strength over normal air
cured concretes; only in a few cases was there a
marginal loss in strength due to revibration.

In the case of specimens with water/cement ratio
of 0.4 and subjected to revibration only, fe-
vibration of 2 min., every 4 hours yielded the best
results, followed by 8 min, every 4 hours, and %
min. every 4 hours respectively.,

With water/cement ratio of 0.4, specimens subjected
to revib, and steaming simultaneously showed
greatest gain in strength with revibration of %
min. every 4 hours at early age, and with 2 min.
every 4 hours at later ages. f?
With water/cement ratio of 0.4 and revibration only,
revibration of 2 min. every 4 hours yielded greater
strength at early age compared with revibration of
4 min, every 4 hours, but lower strength at later
ages,

With water/cement ratio of 0.4 and combined

revibration and steaming, there is very little

difference in strength of concrete revibrated 2

min, at 4 hours or 4 min. at 4 hours.

e
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For concrete revibrated at 2 min, every 4 hours,
strength increases with decrease 1in water/cement
ratios. Strength increase in the case of water/
cement ratio of 0.4 is much greater than those of
0,45, 0.5 or 0.6,
The above observation is true also for concrete
subjected to combined revibration and steam only.
Delayed vibration, i.e. revibration repeated only
once after casting showed no definite gain in
strength at later ages for water/cement ratio of

0.5
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APPENDIX A

CASTING AND TEST REPORTS:

BATCHES NO. 9 - 39

Explanation of Abbreviations Used:

Description of Specimen:
C-
D~

M-
P-
S-

Mode of Fallure:
B-

Cylinder Strength: *o

Specimen No, marked with¥,

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 specimen,
edge failure of specimen and/or
cap failure,

tensile or bending failure,
vertical spllttlng of specimen
during failure,

wedge or cone formation at top
and?or bottom during failure of
specimen,

diagonal shear,

values marked thus have not been
included in average strength
computations; they pertain to
cases of edge and/or cap failure,
or to defective specimens,

pertain to cyllnders cast with
thermocouple wires embedded in
them,
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W/C RATIO:,.,.

REVIBRATION CHARACTERISTICS:.

¢ o

159

CASTING AND TEST REPORT

© 8 2 ¢ ¢ 9 09 9 6 O U O G 0

Batch No, ¢

0.4

2 min, at 4 hrs,

SET CLASSIFICATION:

ReVibrat@doeaoéaaoeoaoeeA
Revib. and Steamed......B
Steamedocsococeoeooocoss sl
Air Cuf@deeaoeaaaaoeaooan

SEQUENCE OF OPERATIONS:

g Date Time Particul Temperature
22,86 9:00 a.m| Casting
1:00 p,m{ Revib, 2 mins, A & B
2:00 » Start Steaming, B & C
5:00 © Revib,, 2 mins, A & B
Q : OO . " 11 [ "W
23.4,6L 1:00 a,m " " *
3:00 * Stop Steaming, HES.AFTEZ CASTING

Ideal Temp.
Steam Chest———=
Vib, Table —- —

CURING CONDITIONS: Fog.

For last 9 days in air.,

: 4 days(nom. )
Test.Ag@s3 ys

TEST RESULTS;: 815 hrs.,
Set Nod4 Description Mode of Cylinde% 1 Av, Sﬁrenggh
Failure | Strensthipsi ;
i 1 E, F ' .
Revib, > 5 B X 81,50 8150
3 C, D, P, M E, F 7420 *
' 1 | S, M E, W 8L00
o 2 |s, ¢ E, F, T | 7940 + | 8630
Steamed] 3 S B, W 8850
: 1 S, C E, F 8660 ¥*
Steamed 2 | P, C E, V 9100 9230
3 S, D, C, E, V 9360
i 8910
Air 1 Po M Ev W
1 Cured 2 | D, M, C E, V 8140 8500
3 P, M, C g, V 8450




160
CASTING AND TEST REPORT

Batech No., 10

WCRATlog-wuauoocoeenowluencucvv OELJ’

REVIBRATION CHARACTERISTICS: ...,. 2 min. at 4 hrs,

SET CLASSIFICATIONG Revibratedicooooeooosoo A
Revib. and Steamed......B
Steamed.oooccocsscococssl
Air Cur@doaoeoooeoeeoaa'ob

SEQUENCE OF OPERATIONS:

LﬂjDate 8 Time Particulars mperature _
254,64 9:00 a.m, Casting,
1:00 p.m, Revib, 2 min. A & B, 7o I
2:00 p.m, Start Steaming B & C, ?wﬂjj
5:00 p.m, Revib, 2 min. A & B, & botf bt
9:00 p.m, " " " so00 [f I g
‘ " F 50 L S
26, L, bl 1:00 a.mi " " o 4 6 4 16
3300 a.m, Stop Steaming. HES.AFTEE CASTING
Ideal Temp.
Steam Chest———=
Vibo Tablﬁ—'—'—-—-

CURING CONDITIONS;:

10 days (nom)

TEST RESULTS | - Test Ageipig pps,
Set NoJ Description Mode of Cylinder -1 Av, Stranggh
of Specimen Failure Strengthspsi psi
Revib, 1 6050
2 7150 7080
3 7000
Revib. 1 5890 . :
and 2 6690 6270
Steamed| 3 6220
Steamed 1 6080
2 6470 6430
3 6750
AAir 1 6010 *
Cured 2 7100 7180
3 7250




CASTING AND TEST REPQRT

Batch No, 1]

W/C RATIO: oy

REVIBRATION CHARACTERISTICS: ., ... 2 min. at & nrs.

SET CLASSIFICATION;: Revibrated,coooceoeooss A

Revib. and Steamed......B
Steamedeoaod@oeoaoooeeeoc
Air Cu?@dOOOGOODBOODOQOOD

SEQUENCE OF OPERATIONS:

LE*Date 3 Time Particulars

27.4.64 B:00 a.,m, | Casting. ,
12:00 noon | Revib, 2 min. A & B 170
1:00 p.m, | Start Steaming B & C

i
4;00 p.m. | Revib, 2 min. A & B. o) fi: H
8:00 p.m, " " v N N ;
l?:oo mgﬂq 1] 11 1] g ! } r —T

. 6 & 6 i
28,4,A4 2:00 a.m, | Stop Steaming, HES.APTER CASTING
Ideal Temp. -

Steam Chest{— —=—=
Vib, Table ~——- —

CURING CONDITIONS:

9 days (nom,)

TEST RESULTS: Test Age: 222 hrs, |
Set Nos Description | Mode of Cylinder Av, Strenggh
of Specimen Failure Strengthipsi i
Revib, 1 7970 '
=Y 2 v 7740 8100
3 : 8580 o
Revib, 1 7780
and 2 7330 ‘ 7500
Steamed| 3 7390
Steamed 1 7250
2 7250 7250
3 6680 *
4Air 1 7000
Cured 2 7420 7210
3 5730 ®




CASTING AND TEST REPORT

W/C RATIO:

0o 8 ¥ ¢ €

REVIBRATION CHARACTERISTICS;

2 6 ¢ v 0 0 9 o

Batch No, 12

¢ ¢ 00 v 00 0 0

¢ v e 0 e

SET CLASSIFICATION:

2 min,

0,429,

162

at 4 hrs,

Revibrated,oscoeoooases A
and Steamed......B
Steamedﬂ9065@!!00000090000
Air Cur@daoooaooenoaooeon

Revib,

SEQUENCE CF OPERATIONS:

Date Time Particulars Temperature
. ; v._.,uw,.-v:,.—,«,w:wz
28.4.64  5:00 p.m.| Casting, . il
9:00 p.m,| Revib, 2 miri. A & B, 176 ¢ - o Pl
10:00 p.m.| Start Steaming B & C, %H@'ﬂ N
&: . *_: ..
29.4,64, 1:00 a.m.| Revib. 2 min. A & B, 5 901 ! 5 ;#rr.ﬁ
5:00 a.m, v » " SSG T
9:00 a.m, " v " 6 4 i2 B
11:00 a,m.,{ Stop Steaming. HES.APTER CASTING
Ideal Temp.
Steam Chest———-
Vib o Tabl@ T ® e
CURING CONDITIONS: ‘
TEST RESULTS;: TeS‘t Ages 21 hrs.
Set No4 Description Mode of | Cylinder Av Strenggh
of Specimen Failure Strengths i ‘
: 1 2830 :
Revib. 5 2640 2740
3 1340 * :
; 1 5000 ,
e 2 1800 5040
Steamed| 3 5320
1 3920 * ~
Steamed 5 5100 5060
3 5020
Air 1 [Height 104 2090
1 Ccured 2 " w 2160 2170
3 w " 2260 )
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CASTING AND TEST REPORT

Batch No. 13
W/C RATIO: 0.4

8 6 % v 9 @ 9 G 0 P8 D OO OC O B O O O O

REVIBRATION CHARACTERISTICS: . = min., at 4 hrs.

SET CLASSIFICATION; Rev1brated,e.,ooe.,.,.,QA
Revib, and Steamed......B
Steamed,oaooao.a.,,an.uec
Air Cured.cocoocsososossD

SEQUENCE CF OPERATIONS;:

Date Time Particulars Temperature

30,4,64 6:00 p.m, Casting.
10:00 p.m, Revib, 2 min. A & B.
11:00 p.m. Start Steaming B & C,

2:00 a.m, Revib, 2 min. A & B.

A:00 a,m., w " w

10:00 a.m, " " "
12:00 a.m. Stop Steaming, RES.AFTER CASTING

Ideal Temp.
Steam Chest———-.
Vib., Table ——-—

CURING CONDITIONS:

TEST RESULTSS ) Test AE@! 20 hI“S,
Set No., Description Mode of Cylinder »
7 of Specimen Failure Strengthipsi
] 1 3020
Revib, 5 3180 3060
3 2970
3 1 E 5250
RSZéb° 2 E 5600 5520
Steamed| 3 2 5700 '
1 4920
Steamed > LL20 4830
3 B 5340
Aip 1 2850 v
| Cured 2 2740 2750
: 3 2660
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CASTING AND TEST REPORT

Batch No, 14

WCRATIO: ? 8 0008 %0 DL O OGO OO O6E O OO0 O B G Q OOLI’

REVIBRATION CHARACTERISTICS:,,,,.., 2 min. at 4 hrs,

SET CLASSIFICATION; RevibrateGoecoooooocees A
Revib, and Steamed.....,.B
Steameda,.ooo.,o,1..o..°C
Air Cur@doaoounoaoaoctoln

SEQUENCE CF OPERATIONS:

Date Time Particulars Temperature
W‘ P R T TR ore
304,64 6£:00 p.m, Casting, o .
10:00 p,mi, Revib, 2 min., A & B. o
11:00 p.m., Start. Steaming B & C. SEoL . L
. . ST
1.5.64, 2:00 a,mk Revib, 2 min. A & B, g 90 !
6:00 a.mj, . " . B
10:00 a.mi " " " s 4
12:00 noon Stop Steaming., HES.AFTER CASTING
Ideal Temp.
Steam Chegt———-
Vib., Table ——. —

CURING CONDITIONS:

>7 days (nom,
TEST RESULTS Test Ager [0 grsf )
Set NoJ Description | Mode of Cylinder Av, Strenggh
of Specimen Failure | Strengthipsi psi
. TP, c E, T, B | 6190
Revib. % P B, F 6850 6660
3 [P, M E, T 6930
. S E, W 6900 ,
Revib. > 18, ¢ F 6060 % | 6900
aSteamed 3 | M. C, P E, F wrbo o
1 1S, m E, F 7280 .
Steamed 5 P’ E. X 7120 7200
3 S F 6080 3
] 1 = B, W 6630 _
: Aéﬂred 2 | P E, W 6580 6680
3 |p E, W 6830
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CASTING AND TEST REPORT

Batch No. 15

W/C RATIO: ok

REVIBRATION CHARACTERISTICS: ... 2 min, at 1 he,

SET CLASSIFICATION; Revioratedec.eoscooocoood
Revib, and Steamed......B
Steamebesoscoceocoooccssl
Alr CUur®d.ccoccoooooecesD

SEQUENCE OF OPERATIONS;:

%~ Date Time Particulars TemperatUre
1.5.64 7:30 p.m. Casting. I {
8:30 p.m. Revib, 2 min. A & B. W@*'i_“ f“ b
9:30- 11:30 hourly " " §@@_4‘7§"*"*
o e S =~ oo
2.5.64 12:30 a.n., " " "& | Z%e ;Q
Start Steaming. gy T
8 4 i2 &
1:30 a.me=-12:30 p.m. Revib, 2 min. A & B HES.AFTER CASTING
hourly :
1:30 p.m. Stop Steaming. Ideal Temp.

Steam Chegt— ——=
Vib, Table ———.—

CURING CONDITIONS: Air Cured

87 days (nom.)

TEST RESULTS: : : Test Age: 2080 hps,
Set No.d Descrlptlon Mode of Cylinder Av, Strené@h
Failure Strength:ipsi
Revib, 1 Extensively damaged specjimens
2 ] " . " 3 -
3 " " [ F Y
|Revib, L. . ) . .
and " [1] 1] -
Steamed| 3 *
Steamed 118, P E, X 8900 »
2 |s, P E, X 8310 _ 8650
31s,pP E, W 8750
AAir 1 1s E, W 8300
Cured 2 13 E, X 8370 8310
340 °s E, X 8250 :
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CASTING AND TEST REPORT

Batch No. 14

WCRATIO: @0 ¥ 000 OO QO C VOO0 9 OO O O O O OQL"

REVIBRATION CHARACTERISTICS: ,,.. 2 min. at 1 hr.

SET CLASSIFICAI‘IONE ReVibf‘aﬁ@de ©° 00006050006 0 OA

Revib. and Steamed,.....B
Steam@dw ¢ 8 0 0 8 9 0 0 0 9 0 0 e o a OC
Air cuf@do © 6 9 ¢ 09 0 060 0C o Q@ 9 BD

SEQUENCE CF OPERATIONS:

éﬁDate ! Time Particulars Temperature
1.5.64 7430 p.m, {Casting, I ERERE
8:30 p.m. {Revib. 2 min, A & B. 76 -1 -
9:30-11530 Sagl
hourl " w " g
2»5.6“ 12:30 a.m, " w " & ?Es@ H :
Start Steaming., o 4 2 15

HES.AFTER CASTING
1:30 - 12:30 p.m. : .
hourly Revib. 2 min., A & B, éieal gimp%
1:30 Stop Steaming. team eEL — — -
’ P & Vib. Table ——. —

CURING CONDITIONS:

Alr Cured

88 days (nom.)

TEST RESULTS: Test Ages 5104 1ps.
Set Nod4 Description Mode of Cylinder Av..
of Specimen Failure Strengthipsi
Revib, 1 Extensively dpmaged spekimen z
' 2 1] . (1] 1 -
3 ] " ] L3
Revib., 1 " " : *
and 2 " " ¥ . -
Steamed| 3 " "
Steamed 1«1 5, P E, T 8440
2 S, P E, T 8380 _ 8280
3 S, P E, W 8020
qAir 1 s, P E, W 7300
Cured 2 S, P B, W 7860 7610
3 S, P E, W 7660
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CASTING AND TEST REPORT

Batch No, 17

W{C RATIO:aosveoooaeaoeaaeoeaaueoe 00495

REVIBRATION CHARACTERISTICSt «.... AS noted.

SET CLASSIFICATION: Revibratedessoeecassassed,B,C,D,E

Air Cured ounwaaaonavouF

SEQUENCE OF OPERATIONS;

%ﬁkDate, ! Time Particulars

2.5.64 8:15 pem Casting of A, B, C,
8:45 p.m Casting D; E,¥F,
93115 p.m Revib. 2 min. A,
11:15 p.m " " B.

3.5,64 2145 a.m} " " Co
62)4’5 a.m ] 13 D
12345 a,m} " “E HES. APTER CASTING

Ideal Temp.

Steam Chest——w—=
Vib, Table ——- —

CURING CONDITIONS: Fog cured except last 6 days,

g7 days (nom, )

TEST RESULTS; Test Age: 2320 hrs,
Set Nod Description | Mode of | Cylinder Av, Streng{h
~of S i Fai , ’
Revib, A 1 |5 £, X 7950
| 2 15 B, X 7790 7870
3 15 E, F 7660 *
|Revip, B 1 s E, w 8540
2 |s E, W 8600 8530
! S E, W 8460
. 1 |s E, X 7930
Revib, C| 2 IS E, F 7660 * 7930
3158 E, F 7350 *
Revib, D 1 S B, X 7320 .
2 |s E, F 6720 * 7320
3 1 g E, F 7070 *

(contd,)



CASTING AND TEST REPORT

Batch No. 17 (Contd. )

W/C RATIO:

REVIBRATION CHARACTERISTICS;

SET CLASSIFICATION;:

SEQUENCE CF OPERATIONS:

&iDate : Time Particulars
250 O |11
o 4 € 7%
HES.APTER CASTING
Ideal Temp.
Steam Chegt—— ==
Vib, Table = —
CURING CONDITIONS:
TEST RESULTS: Test Ages
Set Nod Description Mode of Cylinder Av, Streng@h
of Specimen | Failure | Strenegthipsi psi . |

T g

Revib, E 1 18, ¢ E, T 6400 * ]
2 1S E, X 7890 7850
3 13 E, W 7800 ,
1
2
3
1 S E, W 8280
(dot P |} 2 |58 E, X 8200 8220
Revib. ) 3 1s E, X 8170

W N e
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CASTING AND TEST REPORT

Batch No., 18
W/C RATIOQ:

6 9 9 ¢ 60 ¢ OB O O G OO OO OO0 OO0 O O O OULLO

REVIBRATION CHARACTERISTICS: ...... % min, at 4 hrs,

SET CLASSIFICATION: Revibrated,scooocoosooossd
Revib. and Steamed.,.....B
Steamed.coscoosocsoocoosol
Aif‘ Cur@deooooeoao'ae-5cen

SEQUENCE CF OPERATIONS:

Date Time Particulars Temperature
= e
3.5,64 6:00 p.m Casting. T wii:
10:00 p.m Revib. 4 min. A & B, 70 -4 -« - b1
11:00 p.m{ Start Steaming. Bol L T
. . . Q: ;.,.i..._.__ ‘._,?_ . [
b, 5,60 2:00 a.m{ Revib. % min. A & B. £90) |/ “fﬁ{¥;_
6 3 OO aom " " " gf 5@ . —TT} 1'. H
10:00 a.m " " Y 86 4 6 14 %
12:00 noom Stop Steaming. HES. AFTER CASTING
Ideal Temp.
Steam Chest— ——=
Vib. Table ——  —

CURING CONDITIONS:

TEST RESULTS: Test Ager 20 hrs,
- 1
Set Noo Description Mode of Cylinder Av. Strengih
of Specimen Failure psi |
Revib. 1 2760 :
2 2940 2860
3 2870
Revib, 1 M 4810
and 2 1 M ‘ - k770 4920
' Steamed] 3 M 5180
Steamed 1 4700
2 LOLO * 4 L4770
3 48130 ' ,
A Alr 1 2550
Cured 2 2550 _ 2570
3 2620 :




W/C RATIO:

REVIBRATION CHARACTERISTICS:.....

170

CASTING AND TEST REPORT

Batch No.

9 9 0 0 @ U @ 0 0 @ VG B Q@B 90V O U O O

SET CLASSIFICATION:

19
0.k,

% min, at 4 hrs,

Rev‘lbra%@doaaoeouooeouaaA
Revib. and Steamed......B
Steamedoawae&ocoooueaecoc
Alr Cu?@daoneeeeeaaoaeoab

SEQUENCE COF OPERATIONS:

Date Time Particulars Temperature
3.5.64 6:00 p.m| Casting. N
10:00 p.m; Revib, % min, A & B, o
11:00 p.m Start Steaming. D4
L,g5, 64 2:00 ‘a.m Revib, % min. A & B, nE
6200 a.m 0w (1] 1] : " !
10:00 a,mj " wooow St N e
12:00 noon Stop Steaming, HES AFTER CASTING
Ideal Temp.
Steam Chegt——=—=
Vib., Table —:—
CURING CONDITIONS:
- 3 days (nom.)
TEST RESULTS: Test Ages 79 hrs.
Set Nod Description Mode of Cylinder Av, Strenggh
of Spe01men _Fallure“, Strengthsp91
. AﬂmmwﬁmW S E; -
Revib, é D: M T 5160 5460
| 3 D, M T 5490
Revib. 1 Im F 4830 *
and 2 M E, W 5760 5750
Steamed| 3 IM E, w 5730
Steamed |n l1#/P, D T 5950
eam 2 {p, m F 4310 * 16050
313 E, W 6150 '
Jair 1dp F, T 5270 *
Cured 2 1p,.ow T 5660 5600
3 D, M Ev W 55“0




CAS

TING AND TEST REPORT

Batch No., 20

WCRATIO:vu-oaauaonaoo-no-ouaaa Osu

REVIBRATION CHARACTERISTICS:.....

+ min,

SET CLASSIFICATION:

at 4 hrs,

Revibratedsc,coeoosceeo oA

Revib,

and Steamed......B

Steamedednocen@naooeeseec
Air cur@deoaocn-ooeocéaoD

SEQUENCE CF OPERATIONS:

Date Time Particulars
%m—‘
5.5.h4 7:00 p.m.| Castings.
11:00 p.m.! Revib. % min. A & B,
12:00 m.n.} Start Steaming.
£.7, 64 3:00 a.m,| Revib % min. A & B.
7:0q a.m, " 1] o
11:00 a.m., " " *
1:00 p.m.{ Stop Steaming.,

Temperature
{70 RS
Hee L L
8 4 12 %
RE2S.AFTER CASTING

Ideal Temp.

Steam Chest————=
Viba Tablﬁ — m—

CURING CONDITIONS:

TEST RESULTS:

7 days (nom.)

Test Age: 148 hprg,

Set NoJ Description Cylinder Av. Str@ng@h
of Speci Strengthipsi pei
Revib., 1 1P B, F 3750 *
: 2 |P B hélo 5300 -
3 1p B 59 50
Revib, 1 4P T 5550
and 2% p T 6310 5930
Steamed; 3 | P T, F 4810 *
Steamed 1 1P, M E, W 6140
2 s E, W 6830 6490
3 lp E, W 6500
JAir 1 1p B, ¥ 6850
Cured 2 1p E, W 7000 6900
30p, D E, W 6850




CASTING AND TEST REPORT

Batch No, 21

W‘C RATIO:gpuantcouoel-loanaanee O.L”'

REVIBRATICN CHARACTERISTICSL.. + min., at 4 hrs.

e o

SET CLASSIFICATION: Revibrated.coroevososcs A
' Revib, and Steamed......B
Steamed..oioooseoososoessl
AT Cured..eoeeooovoesss.D

SEQUENCE CF OPERATIONS:

Date Time Particulars Temperature
- ' ' Lo o
5.5.64 7:00 p.my Casting, , ; i
: ’ 11:00 p.mdJ Revib, % min, A & B. wo
12:00 m.nd Start Steaming, ’ &30 ; 2
, : o bbb b
6.5.6L 3:00 a.mJ Revib, % min. A & B. 900 |f e
N 20 o Bl ? ~- T ! ! ‘F“‘
' 7:00 a.md o v b 50 Loty
11:00 a.m. " " ® 6 4 B8 12 ¥
1:00 p.md Stop steaming., HES.APTER CASTING

Ideal Temp.
Steam Chest———~
¥Yib, Table —— —

CURING CONDITIONS:

28 davys {(nom.,)

TEST RESULTS: | Test Ageirgin 1,
. ’ . - . ¥
Set Nod Description Mode of Cylinder Av. Strength
of Specimen Failure i i ;
Revib, 1 |s F, T 4000
2 |s F, T 3750 * 8390
3 18 v L780
Revib., 1 |5 v 6300 )
and 2 |s v 5740 e2ho
Steamed| 3 | S v 5490
Steamed 14| s v / 6690
2 |s v - A710 £ orp
30 s v £450)
ir 1 S v £ 0
ir D \ )
' ACured 2 1.5 v Alisn Alico
' 33 ' B /140




CASTING AND TEST REPORT

Batch No, 22

w‘CRATIO‘ ao'coeooci-oosn_uwaan-noo

0,4

8 min.

REVIBRATION CHARACTERISTICSs:: - -

- SET CLASSIFICATION:

SEQUENCE CF OPERATIONS:

1773

dt Ll‘ hrs.

ReVlbratedao»eooaoeocoooA

Revib,

and Steamed.,.....B

Steamed.ococooccosoossssl
Alr Cur@doeoonuloveoo.-on

g Date Time Particulars Temperature
65,64 7:30 p.m., Casting.
11:30 p.m, Revib, 8 min. A & B.
7, 5,64 12:30 a.m, Start Steaming.
3:30 a.m, Revib, 8 min., A & B, -
7:'30 a.m, " (1] 1]
11330 A, M. " v " ‘ 1]
1:30 p.m., Stop Steaming,
Ideal Temp.
Steam CheSt——=——
Vib, Table —- —
CURING CONDITIONS:
: ‘ 7 days (necm, )
TEST RESULTS: Test Agez 184 hrs.
Set No. Description Mode of Cylinder Av. Strené@h
7 of Spe01men Failure Strengthsp31 psi ;
Revib, 1 T,
2 I's, P X 6960 760
3 S W 6550
Revib, 1 158 W 6680 :
and 2+ |1 S X 6700 D)
Steamed| 3 | S W 6500
Steamed 1 1s W 6660
‘ 2 |s X 5120 5R90
315, P, C F, T 4990 %
1 Air 1 {5 | W 6750
Cured 2 1s X 6850 A800
3 1P, C F, T - *




CASTING AND TEST REPORT

wtc RAT.IOSnaaoaaoaaooseouoocaolvoa Oau

REVIBRATION»CHARACTERISTICS;

Batch No,

SET CLASSIFICATION:

SEQUENCE CF QPERATIONS:

e e o 0 0

23

8 min,

at 4 hrs,

174

Revibratedee;oe,...,..;JA

Rev

ib,

and Steamed

BooooaB

SteamedGOIloeooooaooooooc
Alr Cur@doceooouonoo;eocn

L@EDate s Time Particulars - -Temperature
6;5.64 7:30.p.m, Casting.
' 11:30 p.m, Revib. 8 min., A & B.
7.5.64  12:30 a.m, Start Steaming.
3:30 'a,m; Revib, 8 min. A & B.
7:30 aamy " " 111
ll s ’30 a.mr v [ R0
1:30 p.m{ Stop Steaming.
' Ideal Temp .
Steam Chest— ——-
iVib, Table —- —
'CURING CONDITIONS:
28 days (nom,)
TEST RESULTS: Test Aget e,
SR . ‘ . . -
Set Nos4 Description Mode of Cylinder Av. Strength
of Spe01men Failure 'Strengthgp31 j g
Revib, 1 lp E, V 7040
2 |P F, T 3400 * 6920
3 1P E, V 6790
Revib, 1 s E, V 6350
and 2 is F 4000 #* 5740
Steamed| 3 |S E, V 5140
| Steamed lwjg B, V 6310
2 1s E, V 5800 5770 -
3 ip E, V 5210
air 1 |p E, V 7710
Cured 2 p B, V 7690 7650
3p £, V 7550



W/C RATIO:

$ 9 0 0 0 8 0 ¢ 9 QG0 QD0 O O 0RO GO B O

CASTING AND TEST REPORT

Batch No, 24
0.4
8 min. at 4 hrs.

REVIBRATION CHARACTERISTiCS:

SET CLASSIFICATION:

SEQUENCE OF OPERATIONS:

175

Revibratedoe.oeovosssss A

Revib,

and Steamed.,.....B

Steamedo‘ocooeaoa.lovoscto‘Cv
Air Cur@deoeooe.otootalon

é_ Date Time Particulars Temperature
7. 5.64 7:30 DL, Castlng .
11:30 p.mp. Revib, 8 min. A & B. 76 | | ;
8.5.64 12:30 a.,m, Start Steaming. &B@;_,_‘
3:30 a.,m. Revib. B min. A & B. <%0l |4+
7:30 a.m, " " N 2 e 11 I‘%‘
11:30 a.m., " " " o 4 8 12 6
1:30 p.p. Stop Steaming, HES.AFTER CASTING |
| Ideal Temp. .
Steam Chest =2
Vib, Table ?
CURING CONDITIONS:
TEST RESULTS: - Test Ager o0 nrs,
Set | Nod Description | Mode of | Cylinder Av. Strength
of Specimen Failure Strengthipsi E
evib. 1 1950
Revib, 5 1970 1940
3 1910
; 11 3570
R::éb’ o * 530 4050
Steamed| 3 3980
— ] 3840
Steamed | L2310 L110
3 L4280
{air 1 1810
Cured 2 1770 1750
3 14A0




wc RATIO!GOI0#0‘!060.005!0!.000" OILL

CASTING AND TEST REPORT

Batch No., 25

REVIBRATION CHARACTERISTICS:,.,.. 8 min. at U hre.

SET CLASSIFICATION:

SEQUENCE OF OPERATIONS:

176

RevibratedicsoocresnssssA
Revib, and Steamed......B

Steam@donaoobo

|oooa.oto;oc

Air cur@deooc'o.ro‘ooouoon

‘ LM_Eate H

Time

7.5.64

8. 5,64

: 30 1
: 30

¢ 30
30
+ 30
130 2
: 30

Castiné.'

Revib, & min, A

Start Steaming,
Revib, 8 min. A

"

w

Stop Steaming.,

Particulars
.

&

n

BI

Ideal Temp.
Steam Chegt— —=—-
Vib, Table —— . —

T
HES.APTLR CASTING

CURING CONDITIONS: pir Cured,

~ IEST RESULTS:

64 days (nom.)
Test Age: 1530 hrs,

: . , _ <
Set Nod Description Mode of Cylinder Av. Strength
s i Fai |
Revib, 1 Ry, P, M E, F A150 *
, 2 1 p, ™ F 5900 * 7200
3 1P, M E, W 7200
Revib. 1 | R, P, M, C P Lhgo *
and 2 | R, P E, X 7290 7290
Steamed| 3 | R, M F L 530 * :
Steémed 15, P, M, C F 5iaQ #*
2 s, M, C F 3680 * 7370
3 S, M E, X 7370
tair 140p E, W 7780
Cured 2 4P E, W 7550 7670
: 31p,0D F 6800 #




177

CASTING AND TEST. REPORT
. - Batch No, 26
w‘c RATIO, OJQOV' QYOQ"HDQCQGODGOQQQ O.lk

REVIBRATION CHARACTERISTICS: «.... 2 min. at 1 ar. for first 5 nrs.

A . , only.,
SET CLASSIFICATION: ' Revibratéds.....,,.,..,.A
: . ReVib. and St@&meda e o 0 OB_
Steamedessoeoseoosonccs sl
) Air,cur@deooo|eolo_aa.'oncD
SEQUENCE OF OPERATIONS:
8.5.64 - 7130 p.mi Casting, _
8:30 p.m, Revib, 2 min, A & B,
9 : BO and . 113 i1} "
11:30 p.mb
hourly,
9.5.64 12:30 a.ml " " "

Start Steaming.
1:30 p.m; - Stop Steaming,-

: Ideal Temp.
Steam Chegt———=
Vib, Table — —

CURING CONDITIONS: .

.3 days (nom,)

' TEST RESULTS: o Test Agei 83 hrs.
' ' . — . o ' —
Set Noos Description | Mode of | Cylinder | Av, Strength
Failure Strengthipsi psi |
.Revib; 1 * -
2 99 " " 5
3
. . . L [ ] E
R evib, 1 ) T " 0 2 _
and 2 " " ' " %
Steamed| 3
Steamed 1 s IE, F 5730 *
2 ig E, X 6010 5990
3 1s E, X 5970
Air 1 S E, X 5250
| Cured 2 18, P E, F 5240 « | su20
3 1S V, W 5590




”ASTING AND TEST REPORT

‘ Batch No. 27

WIC RATloxOOUOOBOOOGBOODQGOGOCDG O’LL

REVIBRATION CHARACTERISTICS:;... 2 min. at 1 hr., for first

_ 5 hrs, only,
SET CLASSIFICATION& Rev.lbratedoooaeoooooonooA

~Revib, and Steamed......B
Steamedo 00 000000000060 IC
Air Cur@d. e 600200000 00 !D

' SEQUENCE OF OPERATIONS:

Date Time ' Partlculars' ‘ . Temperaturé
8.5.64 7:30 p.m. Castlng, _ i
g;%g p.m. Revib., 2 min, A & B. 170 §-- i,;q i
¢ - " » "* ) " SR .
11:30 p., aed SRS SHRE SR
hourly. |- 200 - At
o " noo 3R E
9.5.649 12:30 a.m, Start Steaming l--500‘é T
1230 PeMe Stop Steaming. HES. AFTEQ CASTING

Ideal Temp.
Steam Chest———~
Vib, Table ——-—

CURING CONDITIONS: Air Cured.

 mpar e - Test Age: 74 days (nom,)
TEST RESULTS: | | {5328
' - _ . —
- Set No Descrlptlon Cylinder Av. Strength
' gthipsi psi. é
Revib; 1 Extensively damaged spdcimens *
2 1] " 0 * -
3 1) * " @& :
R e Vib . 1 1] ) " : . " % .
and 2 " " 0 3 -
Steamed| 3 " " " *
Steamed s g E, X 8500 ‘
2 1 s, p E, V 8050 | 8170
31 s, P E, V 7960
jAir L1 B, X 7250
Cured 20 3 B, X 7790 7530
>l s 2, X 7550




_CASTING AND TEST REPORT

Batch No, 28

wc RATIO!OOBDOOBQIQOOGGQDBDOOOB ODLL

REVIBRATION CHARACTERISTICS: .... 2 min, at 1 h», for last 3 hre,

. only,
SET CLASSIFICATION: ReVibrat@do GooBcoceso0ee0 ol .
Revib, and Steamed......B
Steamedoeﬂooa»vnoooooocoac
Air Cur@deeeomooooeuvooon
SEQUENCE CF OPERATIONS:
Date Time Particulars Temperature
: . -
9.5,64 ~ 8:00 pam. Casting, . i
10.5.64 1:00 ajm., Start Steaming, T p————
12 noon Revib. 2 min, A & B. ‘qg%'Ti' t%ﬂ?j?’
1300 p’me " 11 " %@@ N ﬁ[ - -
2500 p.m, " " " 2 a : ¥1
Stop Steaming, i w7
' HESAPTER CASTING
Ideal Temp.
Steam Chegt——=—-
Vib, Table —:.—

CURING CONDITIONS:

Air Cured,

A5 days (nom,)

TEST RESULTS: Test Ager 15c) g,
! : A
Set No. Description | Mode of | Cylinder Av. Strength
of Specimen Failure :
. 1 IR E,X,F
Revib, > IR, P E, W 8270
3 IR F
Revib, 1% s E, F ’
and 2 IS E, W BALO
. Steamed] 3 S P E, W
Steamed 118, P E, W .
2 i E, F 8750
3 1S, C F, T
JAir 1
Cured % 4880

Note: Test age for Air Cured Set: 45 hrs,




. 180
CASTING AND TEST REPORT

Batch No., 29

WCRATIOX0;0800500990!099000699 OBLL

- REVIBRATION CHARACTERISTICS:,.,... 2 at 1 hr, for last 3 hrs,

only.

min,

,SET CLASSEFICATIONZ RQVibratadooeooooce.aoosA
Revib, and Steamed......B
Steamedeaecceoaol'tnaa.sc

Air Cur@d.cocooooccovosssD

SEQUENCE OF OPERATIONS:

Time

8:00

Date 1«

I o.5.00

Particulars Temperature

Rt

Lastlng.

.p’

10.5.64 1:00 a.m., Start Steaming,
12:00 nopn Rev1b, 2 min, A & B.:
1:00 pon. " " "
2 : O o N ” 1 (1]
00 pein £ 50

e
HES.ATTER CASTING

Stop Steaming.

Ideal Temp.
Steam Chegt{———-=
Vib, Table ——: —

CURING CONDITIONS: Fog Cured; except for last 3 days.

B3 days (nom, )

TEST RESULTS: Test Afet 1963 hrs,
» 1
Set Nos4 Description | Mode of Cylinder Av, Strength
of Specmmen Fallure ’_Strength{psﬁw i
Revib. 1 | R E, W 9860
2 R E, W, V 10,050 10,070
3 R E, W 10,300
Revib, 1 S E, W 9L 50
and 2 15 E, V 10,150 9650
Steamed| 3 | S E, V 9340
Steamed 115 E, Vv 9150
2 S E, X 10,000 9750
3 S E, V 10,110
JAir 1 1R, P E, W 9870
Cured 2 IR E, Wy, V 9570 9650
3 1R E, W 9500
Note: A mixture of sulfur and a black DrOPrietéry compound

U°ed for capping the test specimens,
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CASTING AND TEST REPORT

Batch No, 30

W£C RATIO:BGOBBQQ@QQEBBBBBODQE@OO 035

REVIBRATION CHARACTERISTICS: vo...

2 min, at 4 hrs,

SET CLASSIFICATION:

Revibratedoos,sooesceosss. A
Revib, ang Steamed..,...B
Steamedee,oua.,aee,,Q,,,C
Air Cured.covcoceovoonces,D

SEQUENCE: QOF OPERATIONS:

g Date Time Particulars Temperature

- 10.5.64  8:30 pdm, Casting, , f S
. . . {70 5 - +
11.5.64 12330 aJm, Revib, 2 min. A & B, Biagl ' =
1:30 a.m., Start Steaming, o b e

L'("S 30 asmo Revibe 2 mine A & Be § @@ ; ‘,'_‘ 7 T toe-

8330 a.m. " " " ﬁso - 7“rf’§”
12:30 pdm, " " " 6 4 8 12 &

2:30 pdm, HES AFTER CASTING

Stop Steaming,

Ideal Temp.
Steam Chest——~——-
Vib, Table ——- —

CURING CONDITIONS:

TEST RESULTS: Test Ages 20 hrg,

. . —
Set No. Description { Mode of Cylinder Av. Strength
of Specimen Failure Strenzthgps}"‘ ]
Revib, 1 is X 1350
2 |P, M, D B 1360 1350
3 S B 1330
Revib, 1 |s B 3100
and 2% 3, P W 3570 3410
Steamed{ 3 S, P X 3570
Steamed 1 1s v 3200
2 Is B 3150 3250
3 1s v 3400
dair 1 1s B 870 |
Cured 2 s B 900 BE0
31s B 820
Slump = 7", Initial vibration during castinge = 1 min,




CASTING AND TEST REPORT

Batch No,.31

chATIO: BQQDE’QOBQ@OBDG@BOG@BG@ 005

122

REVIBRATION CHARACTERISTICSt,.... 2 min. at 4 hrs,

SET CLASSIFICATION:

SEQUENCE CF OPERATIONS:

Revibratedeo.scesooccessd

Revib,

and Steamed.,.....B

SteamEdeuaeaucoalnouenzoC
Air Cu?@daaooneoeoooeeaoD

g - Date Time Particulars | - Temperature
10,5.64 8:30 p.m, Casting,
11,5.64 12:30 a.m, Revib, 2 min. A & B,
1:30 a.m. Start Steaming,
4330 a.m. Revib., 2 min. A & B.
8:30 a.m. " " "
12:30 DL, " " " HES. AFTER CASTING
2:30 p.jn. Stov Steaming. '
' Ideal Temp.
Steam Chest———-
Vib. Table ———- —o
CURING CONDITIONS:
' 3 days (nom,)
TEST RESULTS: Test Age: 82 nhrs,
' T . - ’ 1
Set Nos Description Mode of Cylinder Av. Strength
: Failure Strengthspsi ‘
Revibe 1 Pa M Bg T 391“*,’0
' 2 |P B, T 3820 3730
3 P, M B 3420
Revib, 1 S B, T LI’OOO
Steamed{ 3 |P By, T 4280 ,
Steamed 1#18 T 3360
2 is B 3720 3320
3 1S B, T 2870
dair 1 1s B, T 3400
Cured 2 18 B, T 3420 3380
3 1S B, T 3320 :




CASTING AND TEST REPORT

Batch No. 32

_W__Al_’_____________c RATIOgseaeaeeeoooeaaueaaeeea 095

- REVIBRATION CHARACTERISTICS:.,... 2 min.at & hrs,

SET CLASSIFICATIONg Revibrated.scoscosoooossd
. Revib, and Steamed......B
Steamedoccoocoscocoooossssl

Alr Cur@d.ccocoonsoccoooD

SEQUENCE CF OPERATIONS:

Date Time Particulars Temperature
11.5.64 :30 p.m, Casting. ;
Lo ! 9 ] va ing | L3
12,5,64 1:30 a,m{ Revib, 2 min. A & B, ,3@@ . f :
2:30 a,mi Start Steaming, B - NN Sy e
5:30 'a.,m; Revib, 2 min., A & B, g%@ M.‘.%;’ \L_
9:30 a.,m " " " 5o b BN
1330 pﬂm e 1] " e 4 a8 12 %
3:30 p.m{ Stop Steaming, HES.AFTER CASTING
Ideal Temp '
Steam Chest———=
¥ib., Table ——- —
CURING CONDITIONS:
: 10 days (nom.)
TEST RESULTS: | Test Ager 5y, e,
: : 1
Set No« Description Mode of Cylinder Av. Strength
Failure Strengthipsi i -
Revib, L ip,p E, V, W 5180
2 P, D W 5130 5140
3 1P, ¢, D T, F 4810 *
Revib, Logp v Llgn
and 2 1P, D W 4380 4230
Steamed P, D, M vV, W 3820
Steamed Lts v Lh20
208, c F 141 50 3+  Lbpo
_3 S, C F - *
. Air 1 S9 C ' F - 3
Cured 2 s W L7lo L0
S E, X 4700

Initial Vibration during casting - 1 min,



CASTING AND TEST REPORT

Batch No, 33

WZC RATIO; 6650600000680 0606060060D000060 Oe5

'REVIBRATION CHARACTERISTICS:ees++ 2

min,

SET CLASSIFICATION:

SEQUENCE CF OPERATIONS;:

at 4 hrs,

1074

Revibrated.csoceoooseossd
Revib. and Steamed......B
Steamede,,.ae..,..,.a..,c
Alr CUr®8.coceeconoococs oD

Date Time Particulars Temperature
- - ‘ D e
11.5.64  9:30 pim. Casting ol ;. B i
. { [ erm—
) . Qﬂw S J ) t
" 12.5.64 1330 agm. Revib,., 2 min. A & B. o Lj"“*+~ fﬂ
2330 akm, Start Steaming. 39@ }4'1 }%;
5:30 aym, Revib, 2 min. A & B, 50 b
9:30 abm v " " 0o 4 8 '2 %
1:30 p’m" " " " HES. AFTLR CASTING
3:30 ptm, Stop Steaming, Ideal Temp.
Steam Chest——=—~
Vib. Table —— . —
CURING CONDITIONS:
28 days (nom,)
666 hrs,
TEST RESULTS: Test Ages
Set No4 Description | Mode of | Cylinder Av. Strength
of Spe01men Failure Strengthipsi |
3! 1 \' Ls20
Revib. > |8 ¥ 5H%0 490
3 P W 4960
. BE E, V 3690
ReviD. 2 |S E, V 3710 3770
"Steamed| 3 |° B, v 3900
. 1S E, V 5210
Steamed R E, V 4860 5020
N E, V 4990
Air 148 E, V Logo
1 Cured 2 |'S E, V 4900 Lok
’ ‘ 3 S E, Vv 49130
Inzflal Vibration during casting = 1 min.



CASTING AND TEST REPORT

Batch No, 3%

WZC RATIOS os_eseeo‘oeaooaoeeeeoone 0545

REVIBRATION CHARACTERISTICSS caove 2 min, at &4 hrs,

SET CLASSIFICATION;: ReVibratedossooceoccess A

Revib., and Steamed......B
Steamede’ﬂGGQOQEQQCUO‘UUQC
Air Cur@daoeouoea'oausoaon

SEQUENCE OF OPERATIONS:

Date 1 Time Particulars |  Temperature
z TR OIS R P

12,5.64 9:30 p.nm, Casting. o
' 176 R
. . ‘ N &B% —» - .‘ ) ‘;.v..;n. ,, v,..... pnapm r

139‘5964 12330 Qellle ReViba 2 mine A & B & B ¢ { O ;
2:30 a.n. Start Steaming, < %0 -
5:30 a.m, Revib. 2 min, A & B. gy ) ;'%*

o " " 1]
%;%8 i:&j " " . wgséﬁagcfgﬁié
3:30 p.m, Stop Steaming. v

Ideal Temp.
Steam Chegt— ——=
Vib, Table —e—- —

CURING CONDITIONS:

o ' 22 hrs,
~ TEST RESULTS: | Test Age:
o : 1
Set No. Descripiion Mode of Cylinder Av. Strength
7 of Specimen  _ St i ‘
Revib, 1 P, M B 2260
2 P, M B 2200 2200
3 P, M B 2260
Revib, 1 P, ™ Y 3450
and 2 %35, M X 3780 3710
Steamed| 3 S, M X 39710
Steamed 1 s W Loho
2 i3 X 2960 Lono
3 4s, ¢ P 20L0 2
tAir Lolp B 1660
. Cured 2 P B 1780 1730
3 P B 1760

Stump = 3/hn



CASTING AND TEST REPORT

Batch No, 135

WZC RATIOf{enaeeuoeueeeaeooaoaeae OaL"S

REVIBRATION CHARACTERISTICSs«-es+ 2 Mmin., at 4 hrs,

- SET CLASSIFICATION:

SEQUENCE QF OPERATIONS:

ReVibrat@doeoeoaoeoooeoaA

Revid,

and Steamed......B

SteamedooaﬁoeooaanoabeuoC
Air Cur@deeooioeauogaoaen

Date Time Particulars Temperature
O - ; . s
12,5.6L 9330 pjm, Casting,
13.5.6L 12:30 aJ4m. Revib, 2 min, A & B,
2:¢30 a.m, Start Steaming.,
5:30 a.m., Revib, 2 min. A & B.
9230 aeMe 0 . " "
1:30 pom. " " " HES.AFTER CASTING
3:30 pJdm. Stop Steaming,
: : Ideal Temp.
|Steam Chest———=
Vib, Table ——-—

CURING CONDITIONS:

28 days (nom,)

TEST RESULTS Test Ager 665 hrs,
' ",
Set No., Description Mode of Cylinder Av, Strengt
' ‘ of Specimen Failure psi a
o 1 1P B,V 4860
Revib, 5 P E. v 56,50 5110
3 P E, V 4810
s 1 P F 3760 3*
RZXéb' > | P P 3890 = 5230
Steamed| 3 P E, V 5230
1*¥1!1 S E, V 4660
Steamed 2 S E: \% L4560 LA60
3 S E, V 4750
Air 1 S Fya v - *
1 Cured 2 18 F, V 4350 k730
' 318 E, V 5100

Slump = 3/4°



CASTING AND TEST REPORT

Batch No, 36

w C RATIQgeoooeeeoaee?eeaeoewaoa'e'006

- REVIBRATION CHARACTERISTICS:

- SET CLASSIFICATION:

SEQUENCE CF OPERATIONS;

129

soseas 2 Min, at 4 hrs,

Revibrated.c.coccosooos A
Revib, and Steamed......B
Steamed,o.ococoncsocccsaC
Alr Cur@d.occcccoovoocoosD

Date Time Particulars
13.5.64 9330 p4m. Casting,
14,5.64 1:30 aJgm, Revib., 2 min. A & B,
‘ 2330 a4m, Start Steaming,
5:30 a. m. Revib, 2 min., A & B,
Q : O o m . " " 1
i . %O gu m. u'- !: " HESAFTE R CASTING
3¢30 peogms Stop Steaming, Ideal Temp.
Steam Chest— ——~
Vib, Table ——.—
CURING CONDITIONS:
TEST RESULTS 1 Test Ages 20 hrs.
' o ) 1
Set Nod4 Description Mode of Cylinder Av, Strengt
Failure | Str i ;
. 1 Is X, B | 2040
Revib, > |s v, B 2120 2000
' 3 3 B 1830
. S B 2710
Revib, %— S B 2940 2850
aggeamed 3 |® Lo B 7900
' S V 3240
Steamed ; s, © T, F 1880 3240
3 S, C T, F 2070 #
. NE B 1890
A 5 s B 1900 1900
ure 318 B 1900

Slump = 9",

Initial Vibration during casting = 15 secs,



CASTING AND TEST REPORT

Batch No.

WZC RATIO:,@@,,,gaseau09°99°°°"°°

REVIBRATICN CHARACTERISTICSs

SET CLASSIFICATION:

SEQUENCE OF OPERATIONS:

© 2 0 0 @

37
0966

2 min., at 4 hrs.

ReVibrat@ds @ oe .o 6o 0 0 0 0 L) BA
Revib. and Steamed......B
Steamede P o O 0 & ¢ o 0 ¢ ® o 0 2 ¢ ¢ o C
Air Cur@de © 0 ¢ 0@ 05 05O 08 0 0 o OD

Particulars

g Date Time Temperature
T : i
13.5.64 9:30 p.ne Casting, ‘
14,5.64 1:30 a.m, Revib, 2 min. A & B.
23130 a.;m. Start Steaming.
5:30 a.,m. Revib, 2 min, A & B,
G:30 a,m, " "
1230 refm " \ "
3:30 p.in. Stop Steaming,
Ideal Temp.
Steam Chest——w—=
Vib, Table ——: —
CURING CONDITIONS:
' 28 days (nom,)
TEST RESULTS: Test Arer "y ™ e
. . U
Set No« Description Mode of Cylinder Av., Strength
: of Spec1men Failure Strength i i %
Revib, 1 s W 5290
2 g W 4920 5000
3 1s W 4790
Revib, 1 1s, ¢ F - *
and 2 |g’ F 2690 #* L300
Steamedf{ 3 |S W 4300
Steamed 1s)s W L6 0
( 2 13 W Ll20 Lh2o
3 1g W L3380
JAlr Lis W 060
Cured 2 ig W 5020 520
3 g W Ll70
Slump = 9", Initial Vibration during casting - 15 secs,



CASTING AND TEST REPORT

180

Bateh No.,

W‘CRATIO:68@0006'80’000098009009@ 086

REVIBRATION CHARACTERISTICS: sesvse 4 min, at 4 hrs,

SET CLASSIFICATION:

SEQUENCE CF OPERATIONS:

38

Revibratedee.oooeeoocees A
Revidb. and Steamed......B
Steamedecvccoscooccocosssl
Air Cur@dDOOQOQOOGOQVOOCD‘

E Date Time Particulars Temperature
14,5,64 9:30 ppm, Casting. ' ,
15.5.64  2:30 ajm. Revib, 4 min, A & B, sol LI
Start Steaming, & £ ‘.
6130 alm. Revib, 4 min, A& B, l<geo
10230 a,me " - (13 11} 2d
2330 phm. W nj N #—500 5
3:30 pim. Stop Steaming. HES.AFTER CASTING
Ideal Temp.
Steam Chest— ——=|
Vib, Table ——-  —
CURING CONDITIONS:
: 22 hrs,
TEST RESULTS Test Ages
— 5 _ -
Set No4 Description | Mode of Cylinder Av. Strength
of Specimen Failure Strengthspsi_ psi i
A 1 |s W, B 1600
Revib, 5 s B’ 1730 1690
3 |S B 1730
: 1 |8 B, F 2320 ¥
R:Xéb’ 2%15S B 3090 2930
Steamed! 3 |S B 2760
1 18 B 3120 o
Steamed | S 13, ¢ X, B 2870 3000
3 |s, ¢ F, T - *
3 i S B, T 1380
' Aégred 2 {5 B, T 1590 1490
315 By, T 1500 :
Slump = 9": Tnitial Vibration during casting = 15 secs,
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CASTING AND TEST REPOQRT

w‘CRATIOgRQBQOGBQB&OQMOBQQBGBGBD

REVIBRATION CHARACTERISTICS:

Batch No. 39 .
0.6
ceees M min, at 4 hrs,

. SET CLASSIFICATION;

SEQUENCE CF OPERATIONS:

Revibrated.ccoooeoscoceod
Revib, and Steamed......B
Steamed.ocoooscococcnoseol
Alr Cur@d.cocecoosoccoossD

!‘ Date : Time Particulars Temperature
14,5,64 9:30 pgm. Casting, i
76 v - » '
15.5,64 2:30 aJm, Revib, 4 min., A & B. IST7.1 Y A
_ Start Steaming, _ o r-orEee -
6330 a.m, Revib, 4 min. A & B. s 90 ‘fij{:f{:
10:30 a.m., " " " S su N R EEE
2:30 pom. . " " " o 4 &6 2 ¥
3:30 pdm., Stop Steaming, HES. AFTER CASTING
Ideal Temp.
Steam CheSt———~
Vib, Table ——- —
" CURING CONDITIONS:
28 days
' TEST RESULTS: Test Ager oo\ o
. : 1
Set Nod Description Mode of Cylinder Av. Strength
of i Failure _Strength:psi pgi ;
‘Revib_o L Is W, F 4990 #*
. 2 1S W 5450 5640
3 |8 W 5820
Revib, 1 4s W 4500
and 2 I8 P 3610 ¥* 4310
Steamed{ 3 |S W 43110
Steamed s W 3890
2 15 F 3430 * 3950
313 W Lhono
lair 1fe F - "
" Cured 21 W 5000 5000
3 s i W, F 3100 *

Initial Vibration during casting

= 15 gecs,



APPENDIX B

35 -~ 59 3 Age Vs, Strensth Curves (X - ¥)

Transformed (X - X/Y) Curves,

- 191 -
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x. = bmm A jq)mv P VT —.

WIC = 0.4 ..
Revib. 2ma 4 h
- h=0.0001127 |
4 10000 REVIBRATED 200
o | Y =X /(a+bX) |
8000 |— @ _
8000 | ©
, c —150
a 5
6,000 g
€ S
9 5000 ——i00 &
i >
1 12
£ 4000 3
> 3000
—150
2000 o Ry
o X(X/Y)
1,000
| < N S o
0 500 | 1000 1500 -



WIC=0.4 - ~—i250
Revib. 2mMa 4 h
a=0.00376
h=0.000M12

REVIB.& STEAMED | | , G
| Y =X /(a+bX)

—1150

====100

STRENGTH (psi) e
X1Y(X1000) s

Y=

B XY
o X(XIY)

e
: 1000 - 1500 : 0

X = AGE (NrS) g

o
Ol




WIC=0. 4 | | —i250
Revib. oma 4h | - |

a=0. 00506

| b=0. 000103 .

a 10000 = STEAMED | | | | | g\ngO
. | @ Y = X/(a+hX) S el B
9000 _

8000
7000
5000
5000
4000
30007
2000
1,000 i

~50

Y= STRENGTH (pS)) e
)
O
- X1Y(X1000)

s | L 11 [ N N
o 500 1000 1500




WIC =0.4

Revib. 2 M3z 4 h

EHOOO@@@

b=0.0001M, |

~ AR CURED | . 200
S Y =X /(a+bX) .

—1150

===t100

STRENGTH (psi)
X/Y(X1000) =

Y

o S W Y M I O
O 500 - 1000 , .qwoo . _

X = AGE (hrsS) s

n



WIC=0.4
Reviby2Ma 4 h
a=0- 00352

b=0. 0001597
REVIBRATED

1150

=100

Y= STRENGTH (pS) comsmmmmengss

‘ L L1 |
500 1000 1500




Y= STRENGTH (pSi)  csmmsmmeczs

-a=0-000232

WIC=0.4
Revib.1/2mMa 4 h

b=0.000171
REVIB. & STEAMED

—150

=====1100

X/ Y(X'lOOin)‘y -

50

L] |
1000




WIC=0-4 |
Revibyp Ma 4 h
a=0-001036

b=0. 000150

p 10000~ STEAMED

9000 |—
8000 |-
7000 |—
6,000
5000 pk=
4,000

@

Y= STRENGTH (psi)
X1 Y(X1000) e

3000 |
2000 |— | - o 8 XY
1,000 |—

| P2 T T Y I O T SO
0 - 500 1000 - 1500

o1eq)




Y= STRENGTH (psi)

" Reviby2™Ma 4 h

WIC=0.4

a=0-002279
b=0. 0001505
AIR CURED

—4250

—150

. 1 |

1000 | 1500

ot 1

x / Y (x1ooo)



Y= STRENGTH (D)) sz

10000
9,000

8000y

7000
6,000
5000
4,000
3,000

2000

1000 {

WIC=0.45

Revib. 2m3 4 h
a=0. 005705
b=0. 000187

REVIBRATED
Y =X /(a+bX)

—150

& XY
o XX/Y)

=====1100

XTY(x1000) =

L L 1 | L 1]
1000

X = AGE (rs.) e




STRENGTH (psi)  cxmemmmmmms;

.

a=0- 001782
b=0. 000189

REVIB. & STEAMED

Revib.o Mz 4 h

633"““' JURREISIOVS

¥ =XI(arbX)

|
i
“

4
H
i

—250

=—={i00

1000

X = AGE (NF'S)  commmmmmmmmmg

N




Y= STRENGTH (psi)

WIC=0.45

Revib. 2mM3z 4 h
a=0. 000806
b=0. 000213

~—1250

STEAMED el 200
Y =X/(asbX)
__f 3
/ﬁ —150 |
7000 — M B
6000 |- o | =
| / o~ Q
5000 f— | | 2 q =100 Q
i 43 <
4000 \ >
x
3,000 :
\ /! —150
2000 \\\ B XY
o X(X/Y)
HOOO% .
| |
_ N N N T
O 1500



WIC=0.45 —1250
Revib. 2 M35 4 h
a=0. 008341
b=0. 000199
o AIR CURED ONLY 200

Y =X /(a+bX)

150

0»&01? ,« | ——4100

Y= STRENGTH (psi)
XTY(X1000) e

B XY
° X{X/Y)

| | | | T T Y
O _ | 500 - 1000 1500
X = AGE (NrS) e

i




STRENGTH (psi) s

Y

b=0. 000187

Y =X /(a+bX)

150

_

- 1000

500

100

- XTY(X1000) =



WIC=0. 5 —1250

Revib.o M3 4 h
a=0. 001283

b=0. 000231

REVIB. & STEAMED

Y =X /[(a+bX)

. |
x6+ / | P JOO

O
KTY(XI000) et

Y=
w
O
O
Q.

0 500 | 1000 1500
X = AGE (hrs) s . w




STRENGTH (psi)

Y=

WIC=0. 5 |
Revib. o Ma 4 h
a=0- 006255
b=0. 000191
STEAMED ¢
Y.=X/(a+bX)

.

===100

XTY(X1000) commmmmmis

Fie, A9

500 1000
X = AGE (NrS.) e




STRENGTH (psi)

Y

10000

9000
8000
7000
6,000
5000
4,000
3000
2000
1,000]

WIC=0. 5
Revib. pMa 4 h
b=0. 000179

AR CURED ONLY

Y =X /{a+bX)

250

1200

8 Xy
o X(X/Y)

v b b g b

500 7000 , ==

50

402




STRENGTH (psi)

en
=

Y

WIC=0-6

Revib. oM3a 4 h

a=0- 006186
b=0- 000197
REVIBRATED

Y =X /(a+bX)

—290

—150

b

I

8 XY
o X(X/Y)

Q
@)
XIY(X1000) smmmmmmeent

Fig,

500

51

1000
X = Pom Ajwvm.v T TR

1500

gﬂgmog



STRENGTH (psi)

Y

WIC=0. g
Revib. p Ma 4 b

—1250

- a=0- 002439
b=0. 000229
REVIB. & STEAMED : ~—=200
_ Y =X /{a+bX)
,_,_.,,. —i150
7000 |-
6,000
o |
5000 = _ox ey 100
& ,:.,D\ A
4000 |— ~ "
3000 |
—50
B XY
o X(X/Y)
. __.__.___ | L1 ]
0 500 1000 1500




STRENGTH (psi)

Y

WIC=0-6
Revib.o M3z 4 h
a=0- 001699
b=0. 000224
STEAMED

Y =X /{a+bX)

250

200

150
| / e 100
S~ S 7
AN
50
8 XY
o X(X/Y)
N . 1] |1
500 1000 1500
X = AGE (hrs) =




Y

4 10000

9000
8000
7000
6,000
5000
4,000
3000
2000
1,000

a=0- 006290
Y =X /(asbX)

—250

—150

O
o
XIY(X1000) et

Fig.

N NN I I
500 500
X = AGE (hrs) emmmeee—zs

Sk




WiC=0-¢ —250

Revib.4 M3 4 h
a=0. 008888
b=0. 000168
10000  REVIBRATED

9,000
8000

STRENGTH (pSi) e

—1B0
7000
6,000

5000 -
4000
> 3000

. —50

2000 o
o X(X/Y)

1,000

o) 500 | 1000 B 1500

X = >®m A—Jwv.w.v T
Fig. 55 |



W/IC=0. 6 —1250
Revib.g M3 4 h
a=0- 002369
| b=0. 000228
p 10000 REVIB. & STEAMED 00
| Y =X/(a+bX)
9000 .A
8000 |-
—1150 |
~ 7000
6,000 I— ol
mm {; @]
Q 5000 p— e —t00 ©
L , o> :,19\ : X
C 4000 ~ \r .
W >
= 3000
| | —50
2000 B XY
o X(X/Y)
1,000 |
| L1 | N L1 o
"0 500 1000 1500

Pig, 56



STRENGTH (psi)

Y

10,000
9000
8000
7000

- 6000

5000
4000
3000
2,000
1,000

WIC=0. 6 | —~0
Revib. 4 M3 4 h
a-=0. 001738
b=0. |
M  b=0.00025 | 200
B STEAMED Y =X /(a+bX)
\
- \
| —{150
| //// Pl \ ——100
7 Y
MMW\\\\\\“ o
. —150
B XY
o X(X/Y)
P_______.__ L]
1500 0
e

Fig. 57

X1 Y(X1000) st



STRENGTH (psi)

Y

, 10000

9,000
8000
7000
6,000
5000
4,000
3,000
2000
1,000

WIC=0. 6

—250

Revib. 4Ma 4 h
a=0- 010216
- b=0. 000185
o AIR CURED ONLY |
B <nX\Am¢UvC
J\\
- //Qaﬁ
8] XY
| o X,(X/Y)
_____________
500 . 1000 1500
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WIC=04 —i250
Revih $nTD —- °
a=0- 006197
b=0- 000119 .
p 10000 Air Cured (specmens from all batches) ° 1208,
| | Y =X /(a+bX)
9000 —
8000} ,
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~ 7000
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T 6000
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Q 5000} ——1100
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