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ABSTRACT .

In the introductory dlscussion, evidence indicating
water-cement ratio as the principel factor affecting strength
is commented on and the view is advanced that the effects of
grading 'and proportions are due to inequalities in cement
distribution conditioned by them.

Sections of mortars and concretes are shown and
commented on. Evidences of cavity formation are found under
the larger fragments in badly graded mixtures. It appears,
however, that this is an extreme condition which is not
evident in mortars.

Tests of remixed concretes and mortars are then
described. In these, segregations were reduced by the increased
paste vigcosity. obtalned by re-mixing after a suitable storage
period. The control of paste viscosity by this means was
somewhat uncertain but reduced cavitation was obtained,
accompanied by increased strength. Increases in mortar
strengths obtain by re-mixing were much less marked and it was
concluded that cavity formation, as a factor affecting strength,
was lmportant only in badly graded concretes. It is suggested
that inequalities in the density of the cementing paste have
considerable influence on strength and may explain the usual
grading and proportion effects which occur in normal mixtures.

Mortar tests are then described and discussed from
this point of view, together with mortar voids information.
Rapid Hardening Portland cement was used. Specimens were water
cured and broken at 7 days. Previous experience had indicated
that the behaviour of this cement at this curing period was
similar to that of Ordinary Portland at 28 days, and the shorter
curing period simplified storage arrangements.

The following formula for crushing stress S was evolved,

S = s#100 k {& ~ 0924 11 /1ng.2

and K= 1-11%
where 4 = basic volds for the mixture,

& = Dbaslc voilds - basic voilds for neat cement .
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¢ = cement content
«w = effective water content

The extension of the tests to include concretes is
preceded by a discussion of basic volds and the description of
a method of estimating their magnitude. This method is
presented, not as a formal study of grading phenomena, but as
an expedient to enable the concrete results to be reduced. It
was required by circumstances but it is otherwise desirable as
it makes unnece§sary the somewhat troublesome process of
obtaihing basic voids experimentally.

As the formula does not cover cavity formation, it
wag expected that it would not apply to concretes of outstand:
tingly bad gradings. This was found to be so, calculated
strengths agreeing closely with observed Strengths for normally
graded mixtures but exceeding them when grading was obviously
poor.

Cavitation is discussed under the heading of
"Particle Interference'.

Workabllity is then discussed, slump is related
approximately to ti:K

The writer wishes to draw attention to the fact that
the method appears to be quite general, including neat pastes,

mortars and concretes under the same rule.
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INTRODUCTORY STATEMENT.

Concrete, as one of the most generally employed
structural materials, has outstanding claims on the attention
of engineers. From the point of view of intrinsic interest
also, it claims attention by its peculiar composition and
method of preparation. It is remarkable that,by the simple
addition of water,6 it should be possible to build up with
certainty a cementing material capable of transforming a
random arrangement of stone fragments and a finely ground
clinker into concrete of a strengﬁh which may be as great as
that of a good quality stone.

Primarlly this 1s an achlievement of the cement
industry; and the part which its technical chemists have played
in advancing concrete to its present importance must be
acknowledged. It must also be acknowledged that the solutlons
of many problems in the use of cement must be sought in pure
chemistry or in physical Chémistry. According to the workx done
be H.M. Building Research Station, the explanation of volumetric
changes in concrete due to changes in moisture content appears
to be found in the influence of water on silica gels. As

possessed
another illustration, the degree of fire resistance/by a concrete
appears to be determined éhiefly by thé amount of free lime
produced by the hardening reactions.

In such matters the engineer may look to
specialists for his facts. In other cases the classification of |
the problem may not be so apparent. The study of the strength
of concrete appears to fall in the latter category as this
property is dependent on chemical action and also on the
physicel effects of aggregate grading and proportions. On the
chemical side, the active constituents are the mixing water and
cement and it appears that the hardening reactions are condition:

ted to some extent by the relative quantities of these materials.

The influence of grading and cement proportion is evidently
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physical. This subject is, however, a legltimate one for
engineering research as it appears that the effect of chemical
action may be treated by ordinary engineering methods, as far
as gtrength is concerned. This consideration, coupled with
some experience of the methods employed by investigators in
the same field, induced the writer to commence the work which
is to be described. A brief outline of the positlion as it
appeared to him at the time of commencing the work and a
statement of the lines he proposed to follow should here be
in order.

The most widely known of the simple rules for the
strength S of concrete are Abrams!S = —ggg_ and Bolomey'é_z)

S = /(/%5-—4). Although bulk volumes were used by Abrams,

c and w may be the respective weights of cement and mixing
water or, with appropriate changes in the constants, the
absolute volume of cement and the volume of water. A, B, K and
L are constants for any selected cement and method and
duration of curing. For the practical range of 45 values,
the rules are actuslly alternative ways of expressing the same
relation, as pointed out by Dutron. They may be classed asg
water-ratio relations. Although it appears that, by adjustment
of the consgtants, they may be made to fit the results obtained-
by varying the water-ratio in any given cement-aggregate
mixture, they are evidently incapable of allowing for variations
of aggregate grading and proportions. Their authors do not
claim this for them. Abrams gives his rule as a mean relation
applying to workable non-~segregating concretes. The form
attributed to Bolomey waé given by him as an approximate
alternative to a more general fule.

In other investigations, methods have been developed
capable of making some allowance for variations in aggregates
and proportions, in addition to the chemically active

constituents. Fereg; in his pioneer work on mortars, used

paste density ;f%— as an index of strength S in a formuls
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of the type = K/-£-)* . Here ¢ and s are the absotute
volumes of cement and sand in unit.volume of mortar and
represents unit voids » , (water + air) in the consolidated
mortar. Voids are definitely connected with grading and
proportions when the mixtures lie within the stiff to plastic
range since v here is greater than the mixing water « , by an
amount depending on grading, grain Shape and proportions. It
hes been found, however, that the relation between paste
density and strength differs.for different aggregat62; There is
also the further objectlon that in wet miXtures air volds
disappear and the aggregate effect vanishes, paste density
becoming simply a variant of water-ratio.

In their development of Feret's work Talbot and Richar;t:sJ
added a reduction factor which removed the laitter objection and
gave an improved relation between paste density and strength.
They stated that at basic water content «iy (the water content
giving minimum voids) strength was given by an equation of
Feret's type. At higher water contentsw , strengths correspond:
ted with a reduction factor multiplied by the value.for strength
which thé appropriate paste density would glve at basic water
content. The reductlion factor was dependent on relative water
content %é and increase of watef over the basic amount
decreased strength both by increasing the reductlion factor and
reducing paste density.

The validity of the paste density rule for strength
at basic water content was questioned however by later
investigators. The Building Research Statio?aadopted Abram's
type of rule for baslic water content but they stated that the
constants A and B changed to some extent with changes in
materials and proportions. As 2 general rule they gave a

modified water-ratio form 5 = where r = @ _ 45

A_ w _ .
of course, is sgublect to the uncertainties of the basic rule.

This,

In the foregoing methods the grading factors are

indirect, being assoclated with paste density or relative water
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content. Their determination involves rather lengthy voids
tests and they are therefore inconvenient for specification or
for'cémparison of aggregates. Direct grading factors which have
been used are Abrams! Fineness Modulus and Surface Area. They
are based on sieve analysis. Fineness modulus, given by the sum
of the fractions coarser than each of the sieves of the Tyler
gseries, is an empirical measure stated by Abrams to have been
érrived at by trial. He claims that aggregates of the same
fineness modulus and of similar grain shape are equivélent in
Itheir effect on consistency. He uses fineness modulus in his
formula connecting water—ratio,aggregaﬁes and relative water
content. This implies some connection between fineness
modulus and strength. |
~ Surface area of the aggregate particles was used initially by
Edward§ﬂin his method of estimating the amoqnt of mixing water
required to produce normal water content. Belng therefore
connected with relative ﬁater content, it has also some bearing
on strength. Combining Abrams' and Edwards' work, Younéh%fed
the quantity cement/surface area to establish a connection
between strength, water-ratio and consistency. His methods are
claimed to have been used with success 1n work carried out by
the Hydro-Electric Power Commission of Ontario. In later work
cement[surface area, under the name of cement factor has been
employed in various investigations. Further discussion of
surface areas will be necessary in connection with the present
ﬁork but it can be postponed with advantage until a certain
amount of experimental work has been described.

The lmpression gainedfroma study of the foregoing
investigations is that in workable mixtures the basic influence
.is that of water-ratio. It appears further that relative water
content, fineness modulus and surface area are individually
lnadequate to define the modifying effect of aggregates on

strength. Further work on fundamental aspects of these effects

appeared to be justified. The following brief statement should
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serve to indicate the lines it was proposed to follow.

- The fact that concrete mixtures are aggregations of
materials in unstable physical equilibrium becomes very evident
when they are examined. One cubic foot of workable good
quality concrete, suitable for reinforced construction, may
contain.about 107 1b. of aggregate, 25 lb. of cement and 1.3
gallons of water. A leaner mixture, suitable for mass concrete,
may contain 120 1lb. of aggregate, 13 1lb. cement and one gallon
of water. In handling, the mass depends for cohesion, partly
on surface tension at the boundaries and partly on internal
friction. When it is realised that the cement and water still
retain their independent physical states of granular impervious
clinker and free water it becomes evident that the association
of all the constituents is unstable and that inequalities must
occur. The precise composition of any small volume of the
material must differ, to some small extent at least, from that
of any other. In addition to such chance inequalities, there
will be systematic effects. In 2ll mixtures there must be
tendencies to modification by segregation., In a badly
proportioned mixture relatively large quantities of cement and
water may separate and, in placing, zones of materiials having
different proportions may form. Such a condition might be
termed general segregation.

As grading is improved these effects will become
less apparent and more localised. A well proportioned mixture
willl be expected to exhibit no material general segregation but
there may be local segregations more or less uniformly
distributed fhroughout the mixture.
Object of Work and Arrangement.

The writer's object was primarily the examination of
concretes and mortars for effects which might throw further light
on the relations between the strengths and compositions of

mixtures. Examination for segregation effects appeared to be

a promlsging starting-point. From this, the work described
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here has developed and its nature precluded any comprehensive
scheme being laid down at the outset. The results of the
examinations of mixtures suggested tests on remixed materials.
These were carried as far as was thought desirable at the time.
In theory they should give valueble information on segregation
effects - in practise they are rather difficult to control.

It appeared finally to be necessary to accumulate
experimental data regarding mortar and concrete strengths in
ordernto examine the indications obtained from the earlier-
tests. A number of materials of uniform particle size were
included in the mortar series as they promised easier analysis.
Also mortar voids investigations of the fine aggregates were
made, following the methods of Talbot and Richart, as these
appeared to offer promise of usefulness in investigations of

the equilibrium of the constltuents of mixtures.




- PART 1.

‘Examination of Mixtures for Segregation.

Remixed Mortars and Concretes.
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EXAMINATION OF SPECIMENS FOR SEGREGATION.

Local seéregations of water in concrete have been
noted and commented on at various times. They are described
in two papers by Edwardﬁﬂin 1916 end are mentioned also by
Hollister in Johnson's Reinforced Concrete Handbook of the same
year., The latter also discusses the subject in two papers to
the American Concrete Institute, the last of these appearing
1n.the 193 Proceedings. Powerﬁ& in his paper of the previous
year, also mentions the characteristic looseness and poor
contact of the cementing material under the larger aggregate
fragments which ig the most striking evidence of gravitational
segregation.

(:ornmznanhas also been made on marked decreases in
bond due to segregations of this type at the surfaces of bars
placed horizontally in concrete. In such cases the effect seems
to be enhanced.by the relative immobility of the>bars.

In the later 'particlevinterference' theory of
Weymoutehéy is sought to establish a connection between grading
and tendencies to form segregations of the above type. This
work will be discussed in detail later. |

Poor adhesion of the mortar to the undersides of the
aggregate fragments appears most clearly in transverse
fractures. It is illustrated in the three photographs on the
opposite page. The first one is of the lower part of an 8" x
4" cylinder and the two others show similar cylinders broken in
bending at seven dgys age. It was noticed that the effect was
less marked in specimens broken after a longer curing period.

These concrétes'were badly graded and were selected
to show in a marked degree effects which were present to some
extent in normal types of mixture. .

Examination of concretes broken up soon after

stiffening disclosed similar effects. Mortar adhered much

better to the upper sides of the aggregate fragments than the

lower. No definite accumulations of water were observed in
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the sockets left by‘removal of pieces of aggregate although
the surfaces disclosed appeared wetter than adjacent fracture
surfaces in the mortar. As the conecretes were rather harsh
and had water-ratios ranging up to 0°8 (by weight) segregation
was less evident than might have been expected in view of the
free rejection of water from high water-ratio cement pastes.
At ﬁater—ratios over 0°6, water was observed to collect at the
surfaces of pastes even when they were spread out in thin
layers. In 3" x 23" cylindrical moulds, settlement of cement
with‘rejection of water to the top occurred with water-ratios
@er dofarads leert } 7
of 0.5 and over. Filg.l shows the thickness of the water
layer about half-an-hour after filling the moulds.

To’permit further study of segregation, pieces of
mortar and concrete were rubbed down on carborundum blocks.
Sectlons preparea in this way were preferred to the thin
translucent sections used in petrology. Such sections had
been uged in a previous investigation and it had then become
apparent that suitably prepared surfaces would serve the purpose
better. They permit a more certain classification of voids and
the surface can be further brokem down to clear up uncertainties
which may appear on the first examination.

Some of the mortars were given an optical polish
although in general this was undesirable as it filled the voids
with a material which was hardly distinguishable from cement.
One of the sands used (sand A) contained transparent quartz
érains and, in the polished mortars, contact between grain

surface and cementing material could be examined through some

of the grains. These contact surfaces had the white flocculent
appearance of laitance. No differences were observed at upper
and lower surfaces of the grains. In section, some indication

of abnormal conditions at contact between cementing material

and grains were observed, as mentioned later.
Appearances on the plane sections are 1lllustrated

in figs. 2 to 6. 1In concretes, definite gaps bordered by
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looser mortar were found in badly graded mixtures undér some

of the coarse aggregate fragments. As would be expected the

mixtures

gaps are more frequent in harsh mixtures, but even in these /
they were not numerous and thelr discovery by hand grinding
was laborious. ~
Fig.7 was obtained from the material of a spun concrete pipe.
It does not show any definite gep but the binding on the outer
(right) side of the large fragment of aggregate was less dense
than the normal. 'Binding' is used to describe the hardened
cementing material as it seems desirable to differentiate 1t
from the dry cement and the fluid cementing paste.

For inspection of the smaller grains mortars were
used princ%Pally. No well-defined segregetion gaps were seen
under fragments passing a No.4 sieve. In mixes of high water

content there seemed to be a general looseness of contact.

\

between the binding and gome of the grains, rather than definite

cavitles under them. The appearance suggested that some factor
other than gravitational segregation produced envelopes of
water round these grains. According to the Building Research
Stationt's work on the hardening of silica gelgé shrinkage of
the gel occurs accompanied by syneresis or rejection of water.
It is possible that this may explain the formation of water
envelopes round aggregate grains, however, as these envelopes
appeared to occur irregularly, it is likely that other agencies
contributed water and influenced its distribution.

Variations in the texture of the bindings were
observed; the materials in adjacent 'voids! frequently showing
marked differences in apparent density. In some mortars of
high water-ratio, made with fine sand, discontinuities of the
binding were noticed in some of the smaller voids. Some time
was spent on a study of bindings of different water-ratios in
an endeavour to obtain some index of paste density which would
assist in examining the condition of the material in the voids
in mixtures. Bindings have no regular structure. They appear

to consist of darker centres embedded in an amorphous material

|
[
I

i
i
)
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of colour which becomes lighter as water-ratio is increased

!jz_x san?
{ The dark centres are presumably unchanged 83I’ain_

(fig.8)
material and their sizes indicate that in most cases they are
composed of groups of gfains.- Appearances changed with changes
in the angle of illumination producing the impression that some
of the dark centres were seen ﬁhrdugh a partly translucent
material. Because of the indefiniteness of position and
structure of the dark centres it did not appear to be
practicable to estimate cement concentration by count but a
rough comparison could be obtained from the apbearance.

To summarise briefly, it is evident that segregation
gaps occur under aggregate fragments in unsultably graded con:
tcretes which may have a serious effect on strength. In mortars
(whether isolated or in concrete) there is the possibility of
loss of strength through imperfect contact between the binding
and some of the aggregate grains and there is also evidence
of fluctuations in the density of the binding frbm point to
point. _

In additlon to thé above effects there 1s the
possibility of general segregation. This condition is of
interest 6n1y as a limit at which any method of calculating the

- effects on strength of the above local phenomena must break down.
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Remixed Mortars and Conecretes.

It seemed probable that mortars snd concretes,.
remixed after initiael set had taken place, might be of assistance
in the study of segregations. It appears to be well established
that modern cements of the Portland type are not affected in
strength by remixing, provided that hardening has not proceeded
too far to permit them to be reduced to a workable state. The
paste formed will be more viscous than the original, its
coﬁdition depending on how fer hardening has progressed and on
how much it has been worked. Greater paste viscosity will
reduce gravitational segregation in mixtures and it should be
possible to eliminate these segregations by remixing carefully
at a suitable time. It was thought to be useless to arrange a
comprehensive programme designed to correlate strength loss
.with segregation until more definite indications of the
possibility of success in this direction had been obtained.
Accordingly some tests were made to obtain figures showing how
far strength differences due to differences in proportions and
grading could be removed by remixing. “ex,;&¢umﬂéa u)

The concrete mixtures of flg 9 give ranges of
proportions extending from dRficiency of coarse material to
excess (i.e. harshness). The rsh mixtures were expected to
show maximum gap formation and therefore the maximum recovery
of strength on remixing. At the other extreme, evidences of ,)

general segregation were expected. (

Mortar tests, shown in fig. 10 were made at the same
time and some neat cement tests, fig.ll, were also included.
Subsequently the additional mortars of fig.l2 were made.

The fine aggregates are described as sands A, ¥, C

and D., Particulars of these sands are given in the appendix.
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Detailg of Preparation of Tegt Pieces.

Cement:- Repid Hardening Ferrocrete.

Curing:- All specimens were kept 24 hours in the moulds and
then stored in water for 6 days, being broken at
7 days.

Preparation of specimens :~ The concretes were mixed in & metal

covered with a damp sack, kept from contact with it

tray about 3ft. x 4ft. x 4in. deep. Solids were

measured by weight and the water by volume. Test

pieces consisted of cylinders 4in. diameter and 8 in.
long. They were cast in C.I. moulds on glass plates, ]
their upper faces being finished, after stiffening, g
with a layer of cement paste which was Scraped plane
and parallel with the bottom after it had hardened
sufficienfly.

Three test pieces were made from each mixture. In all
but the last five mixtures they were cast at
intervals, the first immediately after mixing and the
others after the storage times shown in the table,
fig.9. To allow for possible effects of time of
mixing, when each mixture was made up the portion for
the first specimen was separated from the heap and
given an additional amount of mixing corresponding
roughly to thét which the rest would undergo in

remixing. The materiel for the second specimen was

treated similarly. During storage the material was

by pieces of steel bar, to minimise evaporation.
In the last five groups the moulds were filled with

freshly mixed concrete and the second and third of

each were inverted at the times shown. It was thought
that freedom from suspicion of evaporation losses
could be thus obtained and local segregeation effects
separated from those of general segregation.

The mortars were mixed in a vessel which was covered

by a 1id during storage.
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The testing machine was a hand-opnerated one working
on oil pressure; The load on the specimen was read
by gauges, one reading to 5 tons and the other to

50 tons.

CONCRETES.

It would have been preferable if the figures for
strength had been based on the results of three test pieces.
As only three 8" x 4" cylinder moulds were available and as it
was congsidered desirable to make each group of normal and

remixed specimens from & single mixture, single test pieces

had to be used. Very uniform results had been obtain previously

- from the 8" x 4" cylinders and, as only general indications

were sought, 1t was thought that they would serve the purpose
here.

It would also have been preferable to keep the
storage times uniform. At the time of making the tests
circumstences. did not permit this. "Time-strength" diagrams
have been plotted for those groups showing the greatest
departures from the mean storsge times.

Water-ratios given in the table have been corrected
for absorption and absorbed watef. (

Discussioh of the normal strengths of the specimeng
(col. No.l) belongs properly to a later part of the work and
it 1s felt that to attempt it at this stage would result in
needless complication. For the present it may be mentioned
that they are in accordance with previous work which had been
done on these materials. It should perhaps be mentioned also
that sand D, which is very fine and capable of holding a high
proportion of paste, had been found to be capable of giving
very high strengths.

Most of the remixed concretes show gains in strength

which may be due to the elimination of segregation. In support

of the view that strength loss is entirely due to segregation
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which can be dispersed by remixing, some of the groups, of
the same Water—ratios and materials but of different
proportions, reach the same final strengths, e.g. 5 & 4, 5 & 6,
13 & 14 2nd 19 & 20. However, there are exceptions, 1 & 2
differ from 3 & 4 and 10 from 9 & 8. It does not appear that
the same remixed strengths will be obtained for a selected
water-ratio when the materials differ (e.g. 3 & 4 and 21 & 22).
In one case, group 23, the final speclmen shows a very low
strength owing to the mixture having become too stiff.
Gfoups 25 to 29 are those in which the moulds were simply
inverted and tapped to promote movement. It is thought that
the gains obtained are due entirely to the dispersal of
gravitational segregetion. The object of the special treatment
- given to these groups was to disturb the concrete no more than
necessary to disperse gravitational segregations. The
photographs, figs. 9a, 9b, from additional specimens of the
group 29 mixture indicate that dispersal was incomplete.

Neat Cements and Mortars.

The‘neat cement tests confirm that remixing has no
effect on the strength of cement paste. In the last two séts
(0.52 & 0.56 waterbratios) the smell increases obtained are
probably due to the dispersal of slight genéral segregations.
The mortars do not give such marked increases on remixing as
the concretes. This would appear to indicate that the concrete
galns are due to the dlspersal of gravitational segregations as
these were observed to occur in concretes but not in mortars.

| The tables figs. 12 & 13 represent a closer study
of sand A. This was based on the following considerations.
A typical curve for the variation of mortar strength with
constant aggregate and different proportions of pasteof constant
water-ratio 1s ghown in fig.l4. This curve, illustrating>the
effect of cement content or mix factor, is typical of éraded

aggregate. The sized grains of fig.l2 give maxima farther to
the left. General ségregation is.a plausible explanation for

the lower strengthgfat»low A/C values. The diminution of
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’stfength towards the highest A/C values occurs with paste

contents more than sufficient to fill the aggregate voids and
g0 is not due to incomplete void filling. Weymouth's
discussion of his particle interference theory indicates that
he would attribute strength losses here to grevitational
segregation. If both these views are correct it ought to be
possible to raise the strengths throughout the range to the
maximum value by remixing.

The natural grading of sand A was used for the
mortars of fig.l3. Storage periods of 6 hours for the 0.5 and
0.6 water ratios and 73 hours for the 0.8 water-ratio were
chosen as it had been found that the mortars could be placed
ﬁp to these times. Two storage periods at each water-ratio

were used for the sized materials of fig.l2 as they had not

- been tried previously. Very little difference appears between

the normal and remixed strengths in both sets, indicating that
gravitational segregation does not have much influence.
Considering the earlier results it seems that this conclusion
may be extended to cover all mortars.

Note on other work on dis éd concrete. The writer's figures
appear to be in general sgreement with publighed figures for
remixed mortars and concretes. Gonnerman and Woodworthﬁﬂ
obtained slightly increased strengths for storage periods up

to about four hours, maximum increases being about 10% for some
mixtures, for others, less. Gains in mortar strength are
reported only at higher water-ratios. In comparlison, some
the writer's figures are high but these refer to mixtures of
abnormal gradings. Gohnerman and Woodworth used only well-
graded mixtures such as would be employed in good practice

and they did not use high water-ratios. _
With regard to concrete distrubed during setting, Giesche&s

re~rodded concretes and Hough;§ 'rotated! specimens may be
17

mentioned. In the former case a proportion of the speclmens

]1 .
T“(Egggz}e—rodded in the moulds 5 times at 30 minute intervals,
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water freed being allowed to escape. Gains in strength varying
from 8% to 80%, which were obteined, are attributed to the
expulsion of water and air. As the gains are not closely
related to the increases in density, which are also reported,
reduction of air and water contents does not afford a complete
explanation., Hough used cylindrical specimens, covering the
ends of the moulds and altering thelr positions during stiffening.
They were first inverted and then laid on their sides and given
a quarter turn at intervals. He reports gains ranging from 10%
for water-ratio 0.7 (Abrams' rating) to 40% for water-ratio 1.l.
He also comments on the lmproved sdhesion of the mortar to the

aggregate fragments.

Summary and Conclusiong.

The remixing tests indicate that loéal ségregation
affbrds only a partial explanation of the influence of
aggregate grading and cement content on strength. Provided
that aggregate grading is not definitely bad it would apyre ar
possible to ignore theirbeffect in strength investigapions of
such mixtures. Thé relations obtained might be’influenced to
a slight extent but it is likely that the residual effects
due to variations in the characteristics of the mixtures would
be negligible. The effects in mortars are even less apparent.
This is in agreement with the rarity of apparent segregation
gaps 1In the mortars examlned.

- On the assumption that the strength of a mixture
depends only on the strength of the binding, there remained
only the observed inequalities in bindings, which are referred
to earlier, to explain the influences of grading and cement
content on strength. These inequalities persisted in remixed
mortars., It is suggested that in them an explanation of
grading and cement content effects may be found.

A similar view appears to have found acceptance as

an explanation of the effect on strength of the cement factor
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(cement/surface ares of aggregate). This quentity represents
the nominal thickness of the cement envelope round each
aggregate fragment (neglecting the cement zbsorbed by the
residual volds) and it is held that increases in cement factor
inérease strength by permitting movement of the grains in
placing with less disturbance of the cement envelopes. Cement
factor explains the increases in strengtih which usuelly occur
as cement content is increased but its influence 1is not go
apparant when grading is chenged. Increases in cement fzctor
produced by replacing an aggregate by a coarser one may result
in loss of strength. Cement factor, in conjuction with
cement-water ratio and mix fzctor, has been used in statistical
investigations of concrete strength. The primary difficulty
here is in obtaining factors capable of defining the concrete
making characteristics of the meterials and proportions. For
Instance, mixtures of different aggrezates, of the same surface
area and cement content, may behave very differently.

It therefore apveared to be worth while pursuing the
idea of a2 binding inequality - strength connection along
different lines. It was therefore decided to try to trace
‘some connection between strength fluctuatlons and mixture
characteristics which might be related to the mobility of the
cementing paste in the void gpaces of the aggregate. Tests of
the strengths of mixtures in conjunction with mortar voids
investigation along the lines of Talbot and Richart's work
seemed to offer the best starting point. Accordingly the work
described in the following pages was undertaken.




PART 2.

Application to Mortars and Concretes.
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NORMAL TESTS OF LORTARS AND CONCRETES.

Cement:~- Ferrocrete Rapid Hardening cement was used as before.
As the tegts were unavoldably spread over a considerable time
the matter of cement éontrol was of special moment. Glanvill%ﬂ
comments on the varistions which may be found in the material
from a single container. In the present work the cement was
teken from different consignments and used after varying
storage periods. Control was obtéined by overlapping or
repeating tests. Some of these control figures are shown in
the tabulated results.

It was found necessary to make control tests at
both ends of the water-ratio range, in order to check the
effects of seration. Although the cement was stored in metal
containers the usual aeration phenomena were observed, colour
becoming lighter and the material somewhat softer to the touch
with prolonged storage. It was possible to keep the material
in fairly good condition, from the practical point of view, for
at least six months, the strength at 7 days age showing
material diminution at the higher water-ratios only. Fresh
cement of some consignments gave higher results than the
average. At storaze periods between one and three months the
cement appeared to be in the most stable condition and the
mortar results given are taken from mixtures in which cements
from this storage range were used.

lAllowance being made for storage phenomena, the

writer found Ferrocrete cement to be remarkably uniform in
quality, .

The value of 3.05 adopted for specific gravity may
also be considered to show aseration effects. It is the mean

value obtained from a series of measurements.
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Aggregates:—

Fine Aggregate:=- The princlpal aggregates were sands A and C.
Sand A is a dredged granite sand composed of irregular granite
fragments with rounded edges. It was well graded from %" down
to material passing a No.1l00 sieve. Different consignments
showed very little variation in grading, however, practically
all of this material used in the concrete tests reported here
came from & single 15 cwht. consignment. |

Sand C is a siliceous pit sgand of rounded grain shape. It
contained a high proportion of fine material and was deficient
in intermediate sizes. It was chosen to provide a marked
contrast to sand A.

Sand D is also a siliceous plt sand of roﬁnded grain ghape. It
is composed chiefly of very fine material and was used here
‘only in mortar tests.

The grain materlials of these sands were of sufficient strength
to ensure that grain failureAwould not precede binding fallure
in the mixtures.

The sands were also clean, glving only a slighﬁ discoloration
when washed and when subjected to the caustic soda test for
organic impurity.

Coarse Aggregates:-

' to 2" and 2" to No.4 crushed granite of good quality.

2" to 2" and 2" to No.4 siliceous gravel.

2" down granite gravel - this was screened in the laboratory
and used in graded concretes.

Sieve analysis and other properties of the aggregates are
given in the appendix, page 52.

Mortars:- All materials were measured by weight. The drier
mortars were mixed on a steel plate and the wetter in a large
bowl. The specimens were 3" x 15" cylinders, cast in C.I.
moulds which had their upper and lower faces machined plane and
parallel. The moulds were set on plate glass slabs and the
upper ends of the cylinders were capped with neat cement paste

after stiffening., The top waes scraped flush with the upper
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gurface of the mould after the cement had hardened sufficiently.-
The behaviour of the specimens under test indicated this

finish to be satisfactory. After 24 hours in the moulds the
gspecimens were removed and stored in water for 7 days,
temperature 58° to 62° F. They were broken immediately after
removal from the weter without the interposition of packing of
any sort between their faces and the platens of the machine.
Concretes:~ Solids were measured by weight and the weter in a
~graduated measure. The materials were mixed in a metal tray
"3V x 4' x 4" deep. To avoid loss of water, this was kept clean
and the surface damped by sponging over with a wet cioth before
making each mixture. The specimens were 8" x 4" cylinders.
Similar C.I. moulds were used and the specimens finished, cured
and broken in the same way as the mortars. 4

Testing:~ The specimens were tested in the hand operated oil
machine mentioned previously. A number of tests were, however,
duplicated on a 100-Ton steelyard machine as a check on the
smaller machihe.

Each value used is the mean of three tests.

The concrete and mortar tests were made concurrently.
Mortar volds measurements were also made covering the range of
mortars. As the reductions of the concrete tests are based on
the results obtained for the mortars, it will be convenient to
consider the iatter first, in conjunction with the mortar

volds data. Particulars of these will therefore be given now.




MORTARS .

Mortar Tests._
| Mortar Voids.

Discussion of Results and Reduction.
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MORTARS.

The particulars of these tests are prefaced by a
diagram showing the strengths of neat cement at varlous water
contents. It was desired particularly to get figures for the
higher water contents. For these, remixed pastes were used as

the freshly mixed pastes are unstable. The results are shown

plotted against & in fig. 15 and those of fig., 11 are also
~included,
The averaging line conforms to the < = A/& - §) type of

equation. The value 14100 1lb. per sq. in. has been adopted for
A and 0,42 for b.

Notation:- @ = absolute volume of cement.
w = volume of effective mixing water.
& = crushing stress of 3" x 14" cylinders at 7 days,

water cured.

Particulars of the mortar tests are given in figs. 16
to 26. Mixing water has been corrected for absorption in all
cases. As the quantities handled were small 1t was possible to
dry the materials for each mix and so avold corrections for water
in aggregates.

The strengths are plotted against & . The points for
each mix lie approximately on a straight line, the slopes of the
lines decreasing with cement content and grain size (i.e.
decreasing with cement factor).

On each diagram the neat cement line has been shown.

Below, the materisls used are given, numbered for convenience in

reference.

No.l - Sand A )
"2~ " (G ) Screened through No.4 sieve.
1] 3 - " D ) .

Sand A fractions

No.4 - 4/8 screenings 1 part,28/48 screenings lpart(by
vy - 2 parts " 1 wt. )
" 6 - L] n 3 5 n f n 1 ]
W7 -28/48 v 2 " 48 down " 1
"8 - 4/8
"9 - 8/1
"0 - /28
"11 - 28/48

Discussion of these results follows the statement of
the mortar voids figures.

L
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MORTAR VOIDS MEASUREMENTS.

The method consisted in filling a vessel of known
volume with the mortar to be tested. Having obtained the weight }
of this volume of mortar and knowing the proportions of the
mixturé and the specificbgravities of the constituents, the
volume of the solids can be obtained. The difference between
this quantity and the volume of the vessel gives the voids
(i.e. the space filled by water and air).

As the water content of a mortar is increased air
volds decrease and water voids increase. Minimum or Basic
voidsrhfcur usually at a water content giving a stiff-plastic
mortar.

Some time was spent on preliminary tests of methods
of placing and type of measurg¢ing vessel, special attention
being paid to basic voids.

A number of aggregates were invest;gated, using
glass specimen tubes 13" diameter by 4" long. These tubes
were too easily broken by the filling methods necessgary for
stiff mixtures to be convenient for routine use but they
enabled filling methods to be studied. Pockets of loose
material were observed to form readily at the walls of the
vessel and, if due to separation of the constituents, they were
very difficult to disperse. It was evident algsoe that uniformity
In methods of placing had a restricted value when applied to
mixtureé of varying types. Talbot and Richart filled their
vessel, which was 4" deep, in three layers, rodding each layer
20 times with a 4" square, poilnted, wooden rod. In the present
work ii was found that greater uniformity was obtained by roddiné
each layer 40 times with a similar implement. Also special
care was taken to avoid separation, each layer being introduced
in small quantities which were spread and pressed into place

with piece of " steel bar cut square at the end. This

departure from Talbot and Richert's procedure was justified as
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it was not intended to use thelr methods of applying the results.
For routine work metal vessels were tried; an aluminium cylinder
about 3" deep was finally adopted as 1t combined lightness and
rigidity.

Procedure was on the lines followed by Talbot and
Richart. 1In dealing with an aggregate, the richest mortar,
usually 1/1 by weight, was taken flrst, Tnis was mixed on a
metal plate, using a water content less than basic., The mould
‘was filled and weighed and the contente returned to the batch.
This was remixed and mould filling and welghing repeated. 1If the
two weights compared satisfactorily, the mean was taken, 1f not,
a third determination was made.

Addlitional water was then added and the welight of the filled
mould determined as before, For further measurement at this
aggregate-cement proportion, a fresh batch of mortar was made up
as evaporation loss generally became apparent after four fillings
of the moulds. This was checked by overlapping some of the
batches,

The whole procedure was repeated for other aggregate-cement
ratios,

The balance avalilable weighed from one pound to 0.001
1b. In the circumstances, the units of welight were quite
immaterial. For convenience in reduction, unit volume was taken
as the volume of 1 1lb. of water at laboratory temperature. The
weight of the empty vessel was 0.115 1lb. and about 0.8 1lb., filled
With mortar. A difference of 0.001 lb, due to a difference in
the quantiﬁy of solids represents a volume difference of 0.00037,
assuming an average sp.gr. of 2.7. The minimum void content of
mortar in the vessel was about 0.08 so that, at the worst, 0.001
1b. difference due to paciking variations représented an error of
about 0.2% in voids. These discrepancies were usually well under

0.005 1b. 1If over, additional determinations were made.
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Reduction of Mortar Voids QCbservations.

Absolute volume of sand in batch = a

" " " cement = ¢ ,
< 1>
W}.

¥

P

(e

s+ Volume of gross mixing water ()
A

Weight of sand = H

\:) -

" " cement = &

" " water = wys

Wt. of mortar filling mould = #,,

¥ 9

Volume of mould

" " batch A %(z + B, » @) )
" " water absorbed by aggregate '- «,
. " cergent. in unit vol. of mortar =c’= f
Effective" " aggregate ' " " " =a’= ef;_«f.
" "o water “wonwo = w'e “= e
1A

Voids per unit vol. of mortar = v’= s-ra‘ve’)
Air voigs " M " ¥ = viw’

Voids a2t basic water denoted by 4

In the specimen table of reductions, fig.27, the

procedure has been varied by making the absorption corrections

The essential information obtalned from mortar voids

after reduction to volumes per unit volume of mortar.

tests of the mortar aggregates is shown in the diagrams headed
"Voids per unit vol. of mortar', figs.27 to 37.
Curves for g are also shown.

It will be noted that air voids are present in

appreciable amounts at water contents considerably higher than
basic. Their persistence is especlally marked in the finer sands
Figs. 29, 33 & 37. Strength tests for the material of Fig.37
(48/100) are not included. A few were made but as they showedno
special characteristics and as the sieving of such fine fractlons
t°°k_°°nﬁiderable time, it was not considered worth while to

complete the series.
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DISCUSSICN OF MCRTARS.

Figs. 16 to 26 show that mortar strength may be
above or below neat cement strength for the same water-ratio.
This might be due to some indirect effect. Tensile strength,
for'instance, might be expected to be affected by the cement
factor, if the bond between aggregate and binding is 1ess strong
than the aggregate itself. There are obvlous difficulties in
applying such an explanation to the effects shown in figs.16
to 26.

Here it is intended to work on the assumption that
strength of the mixture is entirely dependeﬁt on the strength

of the binding and to endeavour to find, in the observed
inequalities of the binding, an explanation of the strength
phenomena.

‘ The binding in mortars is not a uniform mass of
density controlled by the water-ratio, but an aggregation of
elements of greater and less density than the mean. To pursue
this idea further, consider a specimen of binding of heilght %
and of uniform cross-sectional area. Assuming that the air
voids in the paste are of negligible amount, the crosé~sectional
area of the specimen will besﬁ%ﬂ. , Where ¢ and w are the
abgolute volumes of cement and water used 1in 1ts manufacture.

As bindings have been observed to obey the strength law
Ale -3) down tog = 0.4z , the crushing load L for the
specimen will be given byé:%giwqﬂ%-gj within the same limit.

Now let the water be assumed to concentrate at
various points uniformly distributed throughout the paste, and,
for discussion, assume that the result is to divide the binding
into two components, one of uﬁiform higher water-ratio and the
other of a uniform lower one. A cross-section will cut areas
of the respective pastes which are proportional to their
volumes and the resultant crushing load will be aésumed to be

the sum of the quantities‘obtained by multiplying these areas
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by their respective crushing stresseg% The last statement
agsumes that the ultimate strains of the pastes are equal.
This appears to be Jjustifiable.
Two cases will require to be considered:-

(1) When the water-ratlo of the weaker component is above 0-42.
(2) When the water-ratio of the weaker component is below 0-.42.
Case (1). Let the paste be assumed to divide into two fractions
r ond (7-r) and let a volume of water s Dbe transferred from

one to the other,

Stronger component. Weaker component.
Sectional area:- Hezey - 3 forifees) -
[8] ement: - ’ cr efr=rl
Wat er wr- s l-v] 45
. - 5 c )(I~r) +5 clr-rf _ _
Crushing:- ﬁ[ /‘”"é’ == - 3.}] Al- ””Li . ay,:,,-'ﬂ 37

Stress

Denoting the mean crushing stress on the section by &

5’ c;w ,ﬂ[(c*w)i =5 ‘::_s 'Z}f‘c*w)ﬁ_'z 3 :/,(::/rl./.s "Zy
This reduces to ,
1 €32 : -
s '44{%’(/"(;4 w(wr-3 {w -(wr-s) / Z}

Case 2. Here it will be assumed that a volume of water s , 1s
rejected from the paste, producing water voids of zero strength,
and that these volds are uniformly distributed throughout the

paste. By reasoning similar to that employed previously,

| Slerw)=[(crw-5(s_— _3)]
giving finally,
o= Al (15 B - B-a5)f
These equatiohs are based on simplifying assumptions
but they are sufficiently representative of conditions to
indicate that a pastewhich has uniformly distributed variations
in density will be stronger than the corresponding mean paste.

They are, in any case, limited, as they do not allow for

included air. Air is present in the upper ranges of these

*¥ This . assumplion  envisages  roughly spherical inclusions of weoker poste i,

-mass of stronger, Iin Case I
ALH,
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mortars and also in neat pastes of % values greater than
about 0+9, indicating that the equatlon 5= A4¢g -3 1s not
entirely a density-strength relation. It is thought, however,
that the consequences of binding inequalities have been
indicated formally.

| Inspection of figs. 16 to 26 indicates that the
strength differencéfbetween a mortar and the corresponding
paste will be given by an equation of the type,

4= F(%-5

where # 1s the difference between the slopes of the mortar
and neat cement lines and X the & value at which mortar and
neat strengths are equal.
The corresponding difference for case 1 is,

o = A.= .S s*

w  Cew '(wr-s)[w-(wr-sj

and for case 2,

d A% {5 o5+ 25

It appeared that a closer examination of these
equations would be Jjustified only if some means could be found
of estimating «, , the water content corresponding to X of
the first equation and zero s values of the second and third.
If no air inclusions are present this might be expected to
equal basic voids. In figs. 16 to 26 the £ values at which
mortar and neat strengths are equal have been tabulated.
Reference to figs. 27 to 36 shows that corresponding ¥% are
larger. Due to alr 1lnclusions %, may be less than basic voids
for the mix. There is however a general corfespondence between
4 and %? in which, however, the influence of grading is
evident. No relation sufficlently close to be of value was noted,

Discarding these equations, therefore, as indications
for the construction of an expression connecting strength with
mlxture characteristics, the results were examined for other
possibilities. It was noted that the slopes of the lines
appeared to bear some relation to the constant & 1intercepted

on the & axis. These constants and also the slopes of the

lines are shown tabulated in figs. 16 to 26. Slopes are
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plotted against the constants in fig. 38. The averaging

line runs from the value for neat cement to the origin,
indicating direct proportionality. Some of the points are
considerably off the line; however these erratic values relate
to abnormal mixtures, as indicated by the notes on the diagram.
Sand D in particular divérges completely in lean mixtures.
Abnormality may be expected here as this sand contained a
relatively high proportion of grains of sizes comparable with
those of the cement grains.

The assmuption that the & values are directly
proportional to the slopes is, therefore, thought to be
permissible.

With regard to the slopes, the maximum values occur
with neat cement and diminish generally with cement factor.
Various factors were examined for correspondence. The best
appeared to be 2”1 . The quantity ég’— might be regarded as a
measure of the constraint to which the cement is subjected in
itg position in the voids of the aggregate. Here ge represents
basgic voids for neat cement, giving the constraint unity fqr
this material. The introduction of aggregate, by imposing an
arrengement on the cement grains in contact with its surfaces,
increases the basic volds and the constraint. This will apply
as long as the cement is sufficient to fill the voids but it
may represent conditions beyond this point approximately. Fig.40
shows graphically the state of a 3 to 1 mortar of sand A in
this respect. The Ml line and constraint are shown on a
modification of the type of diagram which the writer believes
was first used by Rlchart and Bauer.

Slopes are shown plotted against é’g in fig. 39.

Here again there are erratic points corresponding generally
with thoese of fig. 38 but the more normal mixtures are
averaged fairly well by the curve which has been drawn. There
were indicatlons that a simpler relation would be obtained if

slope difference, 4 -4’ were plotted agalnst {?
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.an endeavour to make it rational rather than empirical.

e 2 icfl -9 where ¢ = basic voids in neat cement
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Here A = slope of neat cement llne.

A = N " mortar "

e = excess of basic voids for mortar over basic voids for

neat cement.

divided by the absolute volume of the cement.
Values for ¢ ranging from 0-765 for maximum consolidation to
0-84 for consolidation by Talbot and Richart's methods, had
been obtained. It was thought desirable therefore to obtain
¢ from the results shown in fig. %9. Accordingly if(fig.z].l)
(7-A)% ie plotted against % . A straight line is obtained,
represented by the equation,
(4 -#) & = /5600 (% - 03]
This gives the value 0:8 for ¢ .
Therefore, (4-A)4 = /5600

‘. A’= 1400 -/.5‘600-%— s 3erting lhevalue of A From#hy /5
= /4/00 (7~ Iv//.%. )

Or, replacing /=101 g by 4
A= /41004,
In the equation for strength, S = A(s - 37) it has been

suggested on the previous page that &’ is directly proportional
to »‘ , and the equation may therefore be rewritten.

S = /4/00 /4(.5, ~ 0-#2k)
where /4700 and o-42 are respectively the slope and the
constant for neat cement.

Although the assumption of the dependence ‘of
strength‘on binding inequalitles has been used in selecting the
factors for this formula, the velidity of the formula 1s in no
way affected by the truth or error of the assumption..

‘ The formula represents a combination of Talbot and
Richart's, Bolomey's and other methods and must stand or fall

by its correspondence with observed results. The reasoning is
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Estimation of Basic Voids.

To apply the formula evolved to the concrete tests
which‘had been made it was necessary to obtain basic voids.
for the mixturesused. Values were of course obtainable for the
mortars of sands A and C but it was not evident that these
apply to the mortars in positlon in the aggregate volds.

In discussing the application of their methods,
Talbot and Richart suggest, with reservations, that mortar
voides in concretes may be assumed the same as those of similar
isolated mortars. The reservatlions appear to be of particular
importance with reference to voids at basic water content.

The implication that the strength of a concrete equals the
strength of the corresponding mortar is not supported by
experimental work which has been done. Mortar stirength may
exceed concrete strength or fall short of it. It may be that
the strength of a concrete is that of the mortar which is
present in the void spaces but this mortar may differ very
materially from an isolated mortar composed of the same sand, .
cement and water proportions. Direct measurement or
calculation of basic volds for each concrete appeared to be
necessary therefore.

Measurement of basic voids for concretes can be
carried out in the same way as for mortars. A larger measuring
vessel is required; probably the American rule for the minimum
diameter of compression cylinders (diameter at least four‘times
that of the largest aggregate fragment) would serve. The
mexhod of placing would require investigation.

‘For the present work it appeared desirable to try to
evolve some method of estimating basic voids.

There were two reasons for this.

(1) A variety of aggregate combinations had been used and much
tlme would have been consumed and some difficulty experienced
in repeating all of the mixtures.

(2) 1t was desired to get the results into some form which
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might be useful in practice and it is thought that the
elimination of mortar voids measurements is a step in this
direction.

This problem was approached by voids measurements on
combinations of sand A fractions, some dry, others wet. As
far as the writer could ascertain there appeared to be no
gsolution available to suit the requirements. Something on the
lines of the swell factor, used by Furnaﬁmﬁn his careful and
elaborate investigation of grading for maximum density, would
have served but he only refers to this factor casually as a
- figure to be determined experimentally. Here it is not desired
to go into the general question of grading, so the relations
observed are stated and comparison of observed and calculated
values provided in Jjustification.
Symbols used:- Absolute volume of coarse material = o

<

Yoids in coarse material _ ¥
a&

Absolute volume of fine material = &

Voids in fine meterlal _
a

Voids in mixture of a «a, = v
4: * a/-

_ To present the information in a convenient form, iet
i{%;' be plotted along PQ and v vertically, fig. 42.

On the assumption of no swell, » will be given by the line AC

from P to O'. At this point the voids in the coarse, ya, will

be just filled by the fine with its voids.

re Gy = alreg), e o B L Ko

Beyond C', voids are given by line CE. for no swell.
The curves marked 4/8, 8/14, 14/28 and 28/48 gshow

the volds obtained on mixing these fractions of sand A as a
materials, with varying proportions of the 48/100 fraction as a;.

+ Mortar voids methods were used. Most of the mixtures
Weére dry. A point which it is desired to stress is the extreme
difficulty of preventing separation in "well graded" or harsh

Wixes (1.e. mixtures in which, at some point, the fine material
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je no more than sufficient to fill the voids in the coarser).
With sueh mixtures, rodding or sheking was found to result only
in separation. The bést proceedure appeared to be the
introduction of the materisl in small quantities which were
spread and pressed into position with the fingers. Some of the
harsh mixtures were improved by the addition of sufficient
water to make them coherent. These were treated by the usual
mortar voids methods. The dotted parts of the curves shown in
fig.42 were obtained in this way and the results 1ndicate
improved distribution of the fine materlals. Similar results
_were obtained for /4, 4/8, 8/14 and 14/28 as coarse and
28/48 as fine and with other combinations of two sizes.

The ordinate differences between the tangents ER to
the voids curves at E fig.42 and the line PE, which will be

referred to as the tangent swells, t, increase as the grain

ar

sizes become more nearly equal. For ;
Y + Qe

values down to O<H
the voids curves follow these tangents closely. It is suggested
that sweils over this range are due principally to constraint
of the fine particles at the surfaces of the coarse.
Tangent swells, t are given closely by’“”""f‘fm; farm»yeg;sahg;./
p7- Surface area of 1 ins® (absolute vol.) of coarse.
Diam. of coarse grain = 4.
il L fine L] = c{¢
m 1ig a factor depending on grain shape and
diameter.
The value m« %’4 was obtained for the sé.nd A fragments and it
appeared to apply also to the other fine aggregates used.
EQ&Q_QQ_&Q;i@ggdggggf An absolute volume of a cubic inches of
material of uniform sphericai grains of diameter & has a
surface area £ . Flattened or elongated graine may have a
conslderably larger surface area; in these cases statistical
dlameter may be adopted with ad&antage but they are not of

great lmportance in concerte work as these shapes are avoided.

Here, all the fine aggregates Had rounded fragments of similar

Co :
mprabensive Seccount of werk dope on r¥is scibject will be Found in lk,wopd:'
Perer menliined on page 36 .
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ghapes and they have been considered spherical. The surface
areas of the crushed granites used in some of the concretes
have been assumed 50% greater than given by the spherical
assumption. Particulars of the sand A fractions are given in

the upper table, fig.44.

In fig.43 basic mortar voids for sand A fractions
aﬁd rapld hardening cement are shown. The volds given by
corresponding dry mixtures are larger. As no essential
difference apoears between these results and those of the
aggregates, they will be treated in the same way. The

- correspondence of minimum voids with point C is better however,
This correspondence hag been commented on by numerous invest:
tlgators. Numerous examples will be found in recent work on

- grading of aggregates for bituminous road mixtures, the binder
in these mixtures taking the place of the cement in concreﬁggﬂ”

In fig.44 values of m and = have been obtained
from the four curves by the usual least squares solution for
Indirectly observed quantities. The value for o 1s obtained
as 0.0017". This éhould correspond with the effective mean
dlameter of a cement grain. Taking an example of cement
‘analysed by sedimentation from Kuhl's book, the dominant
particle diameter works out at 38.34 i.e. 0.00151", It was
found later that better correspondence with average resultis
was obtained by lncreasing m» to <0003% and &4 to -002$.

In pursuance of the view that swell between E and F
is due to constraint of the fiﬁe aggregates at the surfaces
of the coarse, the increasing swells to the left of F, fig.45,
might be expected to correspond the diminution of the fine
aggregate to a quantity insufficient to space the coarse
fragments by an amount equal to the diameter of the filne grains,

This critical value of ¢ would be given by:-
3
acfr+%) /z‘;f—d’f - a,

/ +¢¢+ swell

4

Inspection of fig.42 indicates that other factors overrule

this condition., If 1t were the principal one, the point F




O /sf'ribzj/'/on o f Pine* / f t z L
/ * 2. show zones of- pstshe

Jn 3 fa [ SZhimeZSad AforAars

*60
Some /for/Zrr

vAout /+ /fo:/*foe y*/~er Loof*nt-
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ought to approach the minimum voids point as 3% ihcreases.
Although thig tendency is shown in fig.43%, it is not evident in
fig.42. It is thought that irregularities in the distribution
of the fine material is the principal factor determining swell
at the smaller é? values and that the problem is statistical
rather than geometrical. A sufficlently accurate approxlmation
appears to be obtainable as follows.

Referring to fig.45, GH appears to equal HC for
smaller values of ¢ and it diminishes as £ increases; The

assumption is made that,

= KC - HC -

HC = tangent swell, ¢’ , at C

‘and Comp —%__ . _(+4%
4. +al. /+¥ + Y
. > d‘ M ’ A /"“4
tangent swell at P =&, %45?:/:’ =4 XA
Also,  kc = y LT L
I+ Yy »

HG = £(1- _"e,)

G is a critical point in the series of the two

aggregate mixtures. The critical coarse aggregate proportion

4

% . ’;‘4 . Considering any mixture to the right of G, <
/3 c ) ’ .

is less than <! .

Let r= %
a;

It is assumed that the excess of the total swell, s , over
the tangent swell is &/(7- -f;:’l}""
o Owell, s =L {1+ (- .’—";‘-)r"j

and X 2y +rE 1+~ .‘_;g.}rf;.;f/_

Congidering a mixture to the left of G, & is greater than «'.

’
Let r’'= Ze
(3

‘It is assumed that the excess of the total swell, s , over
Ya 1g CG=xr*
= é"[/-r (- ?}]r’l

- 2
Y, %as ., t’{z-fe}f
& o U wls | |
These formulae do not, of course, give a continuous
curve at G. However, they are thought to' give values which

are sufficlently close.
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So far only mixtures of two particle sizes have been
considered (if variation in cement particle size be neglected).
When the aggregates are graded the relations are less simple;
thisg is implied by the statements already made. However, the
following modifications were found to give what are thoughttg'be
serviceable rules.

In the eipression for t, ‘G‘Z%E; occurs. In the
table in fig.46, the surface areas of the fractions have been
multiplied by 555%525 giving the modified surface areas
tabulated under the heading N. In calculating the modified
“surface area N of a graded aggregate the fractions may be
multiplied by the corresponding tabular N values and the
results summed.

Tangent swell is now glven Dy o-.-0co03s5 /o When cement, o) --coz”
1g used as the fine material. As mentioned on page 35, the
above values for » and & were finally selected for cement.
Restricting the statement finally to cement as fine, a suiﬁable
value for ¥ appears to be 0°8.

The critical coarse aggregate ratio,.g’. Lf, K Aejoting o coite 4y %
a

y .

When a is less than o 1p ploce of ¥4

[ 3
Y= a

and Y _ 0-8 + 0-00033 N2 [/-I- {1 - a~oog,}_§gr_z}
< c - , %

When « 1s greater than a/

r = Q_'
Q
4%

ond gz = &y + 0000353 /Vzcz’{z ~ 2:000 %J,z N )r®* =1
Two examples of the application of this method of
basic voids estimation to concretes are given in fig.46. It

wlll be noted that the calculated results are slightly higher

than those obtained from actual concrete voids tests which are
glven below them. With regard to the first example, in which

the aggregate was below the critical quantity, the fact that

the gravel aggregate used gave very easily worked mixtures

might account for the small discrepancy. The discrepancy in

case 2, in which aggregate over the critidal amount 1is used,
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is probably due to the figure for dry aggregate voids being
slightly high. The difficulty of avoiding separation, which
was mentioned in connection with fine aggregates, is even
greater when coarse material is included. Separation, of course,
increases voids. These two mixtures are average - not seiected -
examples. Others were tried and wlll be shown under concrete
results (page 43). The table, fig.47, gives a comparison of
calculated mortar voids and experimental voids from figs.27
to 36, for six of the fine aggregates. The results for‘the other
fine aggregates show a similarly good correspondence although
the single sized fractions of sand A show the effect of the
increase in m in the richer mixes.

The writer's method of expressing voids as a fraction I
of the absolute volume of the material is unusual but it is f
adopted for convenience. The figures are, of‘course, higher l
than their equivalents expressed in the usual way as fractions f
of the bulk volume. |

In obtaining the relations described, the unit of
volumn used was the volume of one pound of water. However, as
voiumes appear merely as ratios and,as dimensions.of particles

2, the dimensions of

are in inches and surface areas in inches
the coefficient m are inches. #, the surface area per unit
volume of aggregate is 22,  therefore the tangent SWELl mea

coefficient m# 1is a numerical factor. The unit of tangent

swell m¥a igs that of the aggregate volume « . ﬁ'
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Concrete Mixtures.

It has been suggested on page 18 that particle

interference, or cavitation under the coarse aggregate

fragments, appears to influence strength materially in éoncretes

only. The strengths of coneretes ghould, therefore, fall below

the values given by the formula evolved for mortars when
particle interference océurs. A number of the concrete
mixtures which were made will, therfore, be examined for
indications as to how far the mortar formula is applicable to
concretes. Two series of mixtures have been taken.

Procedure in making and testing wasags described on
pages 21 & 22 but it will be convenient to make the following
comments on placing and effective cement water ratio here.
Placing.

In the remarks columns of the tabulated information,
figs.48 to 53, slumps and methods of placing are given.
Workable mixtures were rodded, a 3" diameter steel rod with a
rounded point being employed. Normally the moulds were filled
in three layers. Each layer was rodded but it received only
the minimum amount of rodding sufficient to dispel alr and
give the material a homogeneous appearance. This departure
from the usual procedure of giving the layers each a uniform
number of'rodding strokes was adopted because the range of
mixtures included some with more or less marked tendencies to
separation, and, with these, rodding had the effect of packing
the coarser material in the lower part of the specimen.

A number of very stiff mixtures were included and it
1s desired to draw attention to these as their results are
discordant. A one-inch square bar with a slightly rounded end
was employed to ram these into coherence. Again 1t was found
undesirable to adopt any standard method. Most of these
mixtures had to be placed in one-inch thick layers and ramming

was continued until the appearance of uniformity was obtained.
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Effective Cement-water Ratio.

The £- values tabulated in figs. 48 to 53 are
based on gross mixing water, less deductions for absorption and
rejected water. There is, of course, in all workable concretes,
the tendency to reject water, and the writer's experience is
that a layer of water formed on the surface usually at slumps
greater than about 1%", when wetertight moulds were employed.
If the moulds are not watertight the effect is masked by loss
of water but is shown by settlement. The behaviour of concrete
in this respect has been frequently commented on. There is a
slow settlement with rejection of water to the surface. The
wrifer's procedure with workable mixtures was to fill the
moulds completely and finish off the surface flush with the end
by straight edge so settlement could be conveniently observed
and measured. Settlements were of the order, usually, of 0-QK"
but the largest noted was 0.16" occurring with mixture No,3 of
fig.48 (slump 10"). There appears to be absorption of some

sort as the surface of the rejected water wzs usually slightly
below the top of the mould. This may be due to a slow
saturation of the aggregates although attempts to reproduce the
effect in a long-necked specific gravity flask indicated that the
aggregates in use became saturated within a minute or so of
wetting. It was therefore concluded that a sufficiently
accurate estimate of the water rejected could be obtained by
measuring the settlements. This was done and rejected water
calculated at the rate of 0+453% 1lb. per inch of settlement.
Opinions as to the significance of rejected water differ. It 1s
held by some that it is contributed mainly by the upper layer of
the mixture and has little effect on strengt%&g However, the
strengths obtained here indicated that rejected water should be

deducted so settlements were measured,agﬁéﬁiméﬁféwﬁéié§§§, the

TN

rejected water reduced to loss per batch. 4
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First Series — Mixtures 1 to 36.

The aggregates consisted of grenite gravel,
siliceous gravel and screenings of sands A and C. They were
artificially graded. Four principal gradings were adopted,
arranged on the lines indicated by Furnas for good workability.
The volume relations o between successively larger sieve
analysis fractions, which were adopted, were 1.0, 1-1, 1.2 and
1-3 between No.48 and 2" sieves. The material below No.48 was
reduced slightly, as shown in figs. 48 to 50.

Aggregate volds, ¢4 , were measured directly and
basic voids calculated for various £ values for each grading.
Basic voids curves are plotted in the figures mentioned above.

The smoothness of working of the mixtures of this
series merits special comment., Undoubtedly it was due partly
to the rounded shapes of the aggregate particles but it was also‘
evident that the gradings which were used conferred good working
characteristics. Tendencies to separation were not noticeable
during rodding -~ the tendency to packing shown by the coarse
material in mixtures of irregular grading has already been

commented on.

Second Serieg - Mixturés 27 to 100.

gands A and C combined with various proportions of

2" and 2" crushed granite formed the aggregate. Mixtures of
sand A and the crushed granites were used in concretes 37 to
78. Voids, y , for all combinations of these materials are
shown in a diagram of the type employed by Feret for such
purposes, (fig. 51A). These were employed in the calculation
of the ¥ figures used in tables 51 and 52. Flg.bl relates to
concretes of water ratios about 0.5 by weight. It has been
divided into two groups. To explain this classification 1t may
be stated that sand A, which is deficlent in fine material,
produces rather harsh mixtures when the standard one fine to

two coarse combination is used. At the moderate water-ratlo

of 05 there is too little fine material t0 absorb the paste
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and the result is a wet mortar, from which paste readily
" egcapes. Pafticle interference occurs under the larger
fragments. Mixtures 47 to 49 are examples. Mixtures 37 to
46, on the other hand, have sufficient fine material to form
a stable mortar. The classification is rough, however, and
the results will be discusgsed iﬁ greater detail later.

| Mixtures 57 to 71 are similar to 37 to 46, but of
water-ratios about 0+6 and 72 to 78 are of water-ratios
about 0-8.

In mixtures 79 to 100 sand C has been employed alone
or in combination with sand A to obtain mixtures constrasting
with the earlier ones.

Comments on Results.

With reference to the tables figs. 48 to 53, all
quantities are absolute volumes or ratios of absolute volumes,
except where otherwise stated.

The velues £ and % have already been commented on.
Values of &= & -o%
k = /-~ /-//_55

L] il

Calculated strengths are obtained from the formula arrived at
on page 3/ , S = /4100 k(g - o-#zk)

An example is given in the Appendix, page 5HZ2.

First Series of Mixtures. (figs. 48, 49 and 50).

The correspondence in the workable mixtures between calculated
and observed strengths is thought to be good. It is suggested
that, so far, the conclusions may be drawn that the formula
applies to concretes and also that there is no serlous
particle interference in these mixtures. The only point which
appears to call for comment 1s the excess of observed over
calculated strength in the gtiff mixtures which were placed by
ramming. The only reason which could be detected for this was
loss of water. This conclusion was reached after examination
of the volumetric compositions of these mixtures, calculated

| from the weights of the test pieces on the assumption that the

materials were present in the mix proportions. The compositions
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below were obtained for the stiff mixtures. These mixtures
" are near basic water content so their ¥ values have also
- been tabulated along with the calculated % values as a

[

further check on the method of calculating basic volds.

Mixture No. Vols. per unit vol. of congcrete Yoids. v /c
Aggregate ~ Cement - Water - Voids Cem.

7 0763 - 0-070 0-166 0.170  2-43 2. 42

15 0- 697 0:116 -0-176 0.193  1.66 1. 37

18 0- 752 0,070 0168 0.178 2+54 2+ 40

21 0-750 ' 0085 0,154 0-165  1.94 2.02

24 0-731 0-109 0-164 0160  1.46 1.1

29 0- 757 0:087 0-158 0.156  1.79 .00

32 0-729 0+112  0-170 0+159 142 1.36

Logs of water is indicated by the close approach of the w values
to thevvalues. Air inclusions should be larger than indicated

by the differences. In mixtures 24, 29 and 32 the figures
obtained for « are actually slightly in excess of v . To
afford some comparison with probable water losses in the workable
mixtures the figures below are given. These show the volgéez7;g§
water for a test cylinder, calculated on the mean weight of the
three cylinders of each mix, on the assumption that the'
proportions of the specimen are the same as those of the mix,
Very little air is inlcuded in these workable mixtures so the

figures serve to show that water losses are small here. In

mixture 23% only is there definite indication of loss.

iixture Ho. V%%%%ggéu%gégr Blump-
19 0:693  0-670 o
20 0-803  0.788 6"
20 0°705  0-662 o3n
23 0753  0-T71 gt
25 0+693  0.670 L
26 0-786 0-768 4

It is believed therefore that there is material loss of water

in the st1ff mixtures. The mixtures formed loose heaps in the
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tray and in most cases the filling of the three moulds
occupied half an hour against five minutes or so for the
rodded mixtures, so that evaporation would be greater.

Second Series., Figs. Bl, 52 and Hh3. In these, crushed granite

coarse aggregate and sands A and C were used.

The mixtures showing good correspondence between calculated and
test values of strength through each range of cement contents
have been grouped together. Those showing deficiency of test
strength are classified separately as showing particle
interference. 1In some cases, e.g. mixtures 47, 48 and 49 this
classification was Jjustified by inspection. On breaking down
parts of the fractured specimens looseness of contact on the
undersides of the large aggregate fragments was unmistskable.
Weymouth's method df analysis will be applied to some of the
mixtures.

In the first place, to describe the method briefly,
congider a sieve analysis fraction of diameter O in a mixture.
The bulk volume of this fraction in an isolated state will be
given by m» 4D’ where,

n number of particles

and kK = a factor depending on particle shape and volds.
The density of the isolated fraction = &, = 'T,%D—, where
2 is the absolute volume of the material.
Using the writer's notation &, = 7j%§- . Aggregate voids
were found to vary from 0:625 for granite gravel (sized) to
0+85 for sized crushed granite in the present work. Figures
giventw'Coulta?mfeduce to 0-65 for gravel to 0-93 for crushed |
granite.

If the particles of the fraction are now imagined to

be spaced a distance t apart (i.e. each particle imagined to
be enclosed in a shell of similar shape of diameter P +£ ), the

bulk volume of n spaced particles becomes »k (£+g° and the

a

density da = 07(/‘_-'0—)—3
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3
Therefore 2 = (& + D)
d, b3

Weymouth assumes that particle interference occurs
when t is less than the dlameter of the next smaller particle
plus an allowance for the thickness of the cement film. The
allowance suggested varies from 0.001" to 0-.002".

For 2" to- 3" crushed granite, mean diameter is O+56"

() and for sand A screened on No.4 sieve mean dizmeter of largest
5 particle-group is q{1§iﬁ. Voids % for the granite is 0-85
| and density 4, =-,—%3— = O 5#/
raé = (0.5‘; .::-Zy/’:;?:zy: 022

As in the mixtures dealt with here, 2" to 3" is the maximum

aggregate size, the above result means that particle
interference may be expected if the absolute volume of coarse
aggregate per unit volume of concrete exceeds O{f?ﬁﬁ“”“““” ?
The tabulated figures below give the volumeﬁric
compositions of mixtures 47, 49, 50 and 52. The last two

contain a small proportion of 2" to No.4 material but so little

that they may be included with 47 and 49 in this discussion.

Mix Number. Aggregates Cement Hater
' Coarse Fine

A7 . 0-472 0%229  0°125 0°147

49 0424 0°206  0°154 0-216

50 0-354 0°351L  0-125 0+170

52 0-287 0+284  0-178 0-251

The absolute volume of coarse exceeds 0°272 in all cases,
indicating particle interference.

Taking now one of the mixtures classified as showling
no particle interferencé, mixture number 37, this contains %"
to No.4 material, mean particle diameter 0-28%,

Trying for particle interference in the 2" to 3" group,

‘ 3
) *56
= O- — = .
d4 5z {-ié +28 f-aazg 9157
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For the 3" to No.4 group,

3

2§ .
da = 377 inf-/fl—-l-oaz} = 0/58

The volumetric compositions are as below.

Aggregate Cement Water
Coarse Fine
0-196 0.166 0+119 0-162

Particle interference is indicated for the 2" group.

{13
/8¢ * 119 » 782

For the 3" group, density = = 0-206

This exceeds the limit of 0.188, therfore particle interference
is again indicated.

Weymouth's condition appears to be rather severe.

It will show particle interference with the gradings recommended
by Wals%agnd‘it will condemn the 1:2:4 mixes so largely used in
British practice.

This disability could probably be easily enough
removed by substituting some less exacting requirement for the
condition that the particles of each group must be spaced by
a distance at least equal to the diameter of the next smaller
slze. Possibly the dominant diameter of the finer material
would serve.

In the writer's view, a more serious criticism of
Weymouth's method may be based on the performances of mixtures,
such asg those examined, as paste content at constant water
ratio is increased. From groups such as (47, 48, 49),

(50, 51, 52) and (53, 54, 55, 56), it will be seen that strength
deficiencies become more marked as paste content is increased.
According to Weymouth, particle interference ought to diminish
as paste content increases. Stiff mixtures show the excess of
strength which has already been commented on.

It is evident that other properties of the finer
component are operative.

| The high values of basic volds which obtain when
cement is below the critical proportion, show dlminished

strengths by the writer's formula and cover cases of strength

RO it
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logs cited by Weymouth as examples of particle interferenﬁﬁﬁ

With regard to the cases of unmistakable particle
interference occurring with the higher paste contents
mentioned above, the mortars were obviously too wet. The
gredings of these mixﬁures were also obviously bad and it 1is
suggested that behaviour in the slump test, as discussed in
the following section, is the simplest indication of the

probability of particle interference.




Slump Tes/s.

/farsh ff/x ~Workable Collapse, of same nu*™
6uf no s/amp with meteasec/ nra/er

Prasf/e mji* .

Proporf-fonecJ from Abrams' carres.



- 48 -

Range of Water Contents. Comment on the relations between h

slump, mixture and water content will be made principally to
define the limits within which the strength formula mey be
expected to apply. It was not intended to investigate slumps.
The behaviour of slump specimens indicated that
conditions differed with different mixtures. When adequate
fine material was present and water contents were . adequate,
plastic slumps were obtained, due to radial flow of the concrete.
These were regular, in that consistent figures could be obtained;
in repeated tests of a mixture. In harsher mixtures of water %
contents sufficientAto give consilderable workebility, the
slumps differed. At moderate slumps the semifluid mortar was
forced out from between thebcoarse fragments. Instead of
showing a smooth plastic subsidence, these mixtures "sat down"
immediately on removal of the mould. The evidence was marked,

in many cases, of a sudden transition from fluid suspension to

support by bearing of the boarse’fragments on each other. At
greater water contents:such mixtures simply collapsed and the
slump figure cezsged to have meéning.

As the writer{s mixtures included,boﬁh plastic and
harsh concretes it was not anticipated that slumps, on the |
whole, would conform to any 1aw,‘and notes were made of their
characteristics only in a few cases.

In fig.54 slumps are tabulated against ﬁi . The

latter are the reciprocals of the products of the tabular £
and '-’c'—‘ values. Slumps are roughly proportional to 5’-1 -1

In fig.54 slumps of the continuously graded mixtures, 1 to 34,
_are plotted against £ . The points for each grading méy be
averaged roughly by.:%raight lines which are steeper and farther
to the left the greater the quantity of fine materlal present.
However, too much significance cannot be attached to this as
other factors such as‘oement content and water ratio, which are
likely to exert an influence, are not included.

The crushed granite-sand combination, 37 to 100,

have not been plotted. They show the same general tendencles
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as the former mixtures but there are greater irregularities.
This is to be expected as diversities in grading and grain

shape are greater. Irregularities are noticeable particularly

3
/- 8

where cement content is less than the critical value, and
where there are deficiencies in fine material. |

As a rough mean rule it might be taken that,

Slump in inches = /a/;g;-//

The strength rule may be taken to apply to workable
plastic mixtures having !g; values ranging between 10 and
1-6, i.e. slumps up to about 6". Particle interference effects
may occur in harsh mixtures, causing strength to drop below the
figure given by the formule.

One feature of the equation S - A4z - 43) calls
for comment., Thig ig the very rapid diminution in strength

which it shows for diminishing £ values when 4« 1s near

unity. K = /=111
=) - l41(Y = O-8c)
14

s
= O-388c — o114
%

For £ -43=o0, < =3 o-?ifcy— o-11 %
2

Neglecting the term o./ ¢ and inserting 0-42 foréd,

This is much beyond ﬁhe largest _‘;,25 value used in
the mixtures tested. Material rejection of water usually :
occurs when %,’; exceeds 1+5 or 1«6 so that the above limit
may be taken to represent a mixture which cannot exist. As far
as the writer's experience goes, when £ - 44 becomes small it
indicates that the mixture is too wet. Test results in such a
case will be higher 6W1ng to rejection of water but the mixture

will be undesirable for practical use and will probably develop

general segregation.
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Concluding Notes.

The methods of voids and strength estimatlon described
here have been applied by the writer satisfactorily to
interpolations of strengths for varied aggregate gradings in
relation to concretes for reinforced concrete bridge work on
which he was consulted. For 6" cubes of concretes made with
Ordinary Portland Cement, at 7 deys age the relation kcsl—ﬁﬂiz-

appeared still to apply. The strength
relation was 6§t k% - 2.064) lb/ins.z, and C and W being,
in this case, measured by weight. At 28 days the results were
uniformly 50% greater.

As far as Ferrocrete cement is concerned some tests
at 14 and 28 days, made in the course of the writer's own
investigations indicated that the relations for greater ages
are different to some extent., This i1g in line with the
findings of the Building Research Station.

In conclusion, the writer wishes to state that no
finality is claimed for the results given here. They
repregent the best combination of the available facts and
figures which he was able to obtain after extenéive trials of
other methods. It is hoped that‘they represent gome new view
points.

The view that paste inequalities form the primary
cause of sgtrength differences in different mixtures of the
same water-ratlo appears to be capable of explaining the

observed phenomena. Factors such as tensile strength and bond

between paste and aggregates will be affected by paste
inequalities and explanations of strength variations employing

thege factors need not be entirely at variance with the views

expresgsed here.

1

The strength equation, as already mentioned, 1is not

dependent oh the above conception. It appears to provide a

satisfactory connection between neat cement, morter and concrete

strengths.
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dependent on the above conception. It appears to provide a

\satisfactoryfconneetion between neat cement, mortar and concretef

\8trengths.
N

P!

Although the method developed for basia’
voids calculation 1s regarded merely as an expedient to obtain a
necessary quantity, it appears to glve satisfactory results and the
further connection between basic voids, water and slump appeare

to be of considerable interest.

The work on concretes and mortars was
done at the Royal Technical College, Glasgow.

Sectioning of concretes and mortars,
microscoplc examination and photography were done at the writer's

home with his own apparatus.

Finally, the wrlter desires to
acknowledge hie indebtedness to Professor Moncur for materials and
facilities for the work and for his lnterest in 1it.

Acknowledgements are also due to
- Professor Mellanby for the contlinuance of these privlliges.
| | It is desired also to record

indebtedness to the late Professor Cormack for his interest and

encouragement.
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nap10 hardtntng Uemtnf ~ Neat" and Mortar Usti.
/ Days IVale/ Cu/cd
(Jo. / - Freshly rtj/Kcd spegmen —t/os Z iZ remixed at times gsven

jFoch compression ra/ue. mean of~ two 3'5/&T cylinder*.
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