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Polymer Stabilisation of P.F.Ash

2. Introduction



2+ INTRODUCTION

. In many industrial processes, waste materials are
produced on a scale that can present a serious disposal problem,
and it is of considerable advantage if such materials can be

put to some use,

The Civil Engineering industry is perhaps unique in
employing vast quantities of inert material and if'has, from
time to time, found uses for iﬁdustrial waste products which
become available on a scale of millions of tons per annum,
Examples of these wastes are the slags produced in making iron
and steel, which are widely used in various forms; hardeburnt
clinker from furnaces is used as an aggregate for concrete and
as hardcore; célliery shale is a frequently used inefill
material and in some countries as a source of expanded

aggregate,

The ashes from power stations using pulverised fuel
has become readily available for use as a multipurpose material
and it is intended that an attempt be made to further investigate

this material,

Most of the coal used in modern power stations in this
country is fired as pulverised fuel, that is the coal is finely
ground and injected into the boiler furnace with a stream of
air sufficient for complete combustion of the carbonacedus
matter, The particles of coal burn away as they pass through
the furnace and the ashes so.formed are carried through.the

boiler where ash of the pulverised fuel = p.f, ash e is
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collected as a fine cement~like powder. A clinker is also
formed on the furnaﬁe bottom and this is mechanically bxoken
away from the grate before being transported by a continuous
sluicing of water into a laxge collecting chamber, The latter

type of ash is called furnace bottom ash,

P;f.Ash-is a waste product for which a number of
commerciﬁl uses have been developed but it is a constant
problem to dispose of the remaining ash economically and
without creating a nuisance, Usually the ash is dumped
wherever a convenient site can be found but the cost
"of disposal in this way is not negligible and, since the
Youtput' in tﬂis country has risen from 7 million tons in
1965 to 9~10 million tons this year, more and more efforts
are being devoted to finding uses for this material which will

at least partly offset the disposal costs,

P.f,ash has already found application in several
kinds of construction work which offers the possibility of
taking up ;arge quantities of the material, e.g. soil
stabilisation, grouting, eMbankment'construction, a component

of concrete mixes, and as a general £fill material,

The full development is limited by the lack of
complete information to support the use of the ash in the
various applications, by the natural éonseIQatism of the users
and partly by the variability of the material, The latter

arises from the different kinds of coal being burnt and the




the different conditions of boiler operations.

It is not likely that anything can be done to reduce
the variability of the p.f.ash and so this remains an obstacle
to the mass utilisation of the material; these effects are
made more difficult by the fact that it has not been possible
to give an effective specification by which unsuitable samples

for a particular application can be rejected.

A number of uses for the ash depend on the fact that
the material is a pozzolan = that is without being itself a
‘cementitious compound it has the property of setting in the
presence of lime and water, by reacting to form cementitious

calcium silicates of low solubility,

The more modern coal fired genexrating stations
pulverise the coal in grinding mills so that up to 80% passes
a 200 B.,S. mesh sieve, and the crushed coal is suspended in a
stream of hot air passing into the combustion chamber where
the temperature range is 1500°C 1:200°C. Under these conditions
most of the minerals present in the coal are fused and undergo
various chemical and physical changes. Between 10% and 25% of
the ash formed drops to the bottom of the chamber énd forms
furnace bottom ash, The remainder of the ash particles are
carried through the boiler with the flue gasses where a
separation is effected by mechanical collectors or electrostatic

precipitatores, The extracted material is p;f;ash.

P.f.ash can be supplied to sites in a dry form in
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which it must be handled eithér by tanker or in bags, If it
is to be handled in trucks it is %conditioned! by raising the
moisture content to be predetermined level to enable handling
to be accomplished without incurring a dust nuisance, Certain
stations remove both ashes as a slurry which is transported to
-nearby iagoons, and lagoon ash is the material excavatéed from
these sites after they have Been filled with this slurry and
allowed to drain. The material so obtained has a very variable
moisture content, rarely less than 20 per cent and usually
very much higher which may necessitate drying prior to use,

This is usually effected by exposure of the ash to atmosphere.

Some twenty years ago a number of runways and runway
type constructions were laid down using p.f.ash stabilised with
natural resins, but these forms of constructions were not
satisfactory as biological degredation proved to be unsurmountable
at that time, Similarly the characteristic of breaking down
under hydrolysis, in an alkaline environment, has previously .

ruled out the use of synthetic resins in a similar stabilisation,

However there has been some important research carried
out by the paint industry over the past few years and this work
has been directed at combating alkaline attack of the basic
material used in the production of paints. The basic material
used is an emulsion of Polyvinyl Acetate « PVA « which is a

synthetic resin,’

Because the paint industry appear to have been
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successful in their improvements it was thought that an attempt
should be made to see if the PVA emulsion produced would have

some reasonable effects in stabilising p.f.ashes.

Further, it was felt that if the emulsion gave
reasonable strengths, the manufacturers would consider adding
more of the resisting agent should greater resistance be required,
An emulsion supplied to the paint industry was used in this
series of tests.and the manufacturer providing the emulsion
thought that the percentage of resisting agent could be raised

without considerably effecting the price of the emulsion.

Thus it was that the idea for this line of research
was started and the following pages record the work carried

out to investiage "The Polymer Stabilisation of p.fe.ash.™
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Polymer Stabilisation of P.F.Ash

3., Review of p.f.ash

3.,1,Physical and Chemical Properties



3,1.,1, PHYSICAL AND CHEMICAL PROPERTIES

Psfsash is available in different forms and the
method of transporting the material is governed largely by the

condition of the ash,

The size range of p.f, ash, based on particle size
measurements, is illustrated in Figel which compares the coarser
fraction removed by mechanical precollectors and also shows the
wide range of sizes inilagoon ash, Translated into soil
nomenclature, precipitator ash falls largely into the category
of silt while the coarser cyclone material corxesponds closelj
to a fine sand, The characteristics of lagoon ash are affected

by the proportion of furnace bottom ash present,

The size of fine particles can be expressed in a
number'of ways but particle size measurements are not suitable
for routine control tests, Sieve analysis is adequate for the
larger fractions but this method is unsatisfactory for the fine
fractions and, as many precipitor ashes have more than 75% by
weight finer than 300 mesh, a method more refined tham sieving

is needed,

The method most widely used is based on specific
surfacé which is a measure of the total surface and is expressed
in square centimetres presented by one gram of material, Recent
standardisation in B.S. 3892:1965 of a modified Rigden method
of measurement « based on air permeability « has made it more

reliable and reproducible for use with p.fe.ash,
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There is, however, no clear correlation between
specific surface and particle size distribution, as a very
high specific surface can be produced for a relatively small
proportion of very fine particles, Thus figures of specific
surface should be assessed in conjunction with a grading analysis,
‘However, it is considered that where an ash is obtained from one
source an increase in specific surface usually indicates greatex
fineness; but where ashes some from different sources this
relationship does not necessarily apply, especially with p.fe

ash of high carbon content,

It is sometimes necessary to ensure a supply of
material of consistent size for certain uses, and, to facilitate
this, three grading zones based on specific surface have been
defined in BS 3892:1965°, They are

Zone A : 1250 up to and including 2750 cm%/g

Zone B : Above 2750 up to and including 4250 cmz/g

Zone C : Above 4250 cmsz

These are subject to a range not greater than 1500 cmz/b
and based on a mean agreed between purchaser and vender, Of
these three zones, Zone A includes most precollector ash and

Zone B and C, coarser and finer precipitator ash(z).

The fact that p,f. ash specifications include a figure
defining the permissible lowexr limits of surface area reflects a
general belief that the surface area of an ash, and hence its

activity. This belief is not entirely true and seems to be based

9.



more on the analogy with Portland Cement than on experimental

studies of pe.fe.ash,

Several authors 9,10 have tested the relationship
between the activity - of an ash and its particle size, but the
results varied between poor correlation and no correlation at
all according to the parameters chosen as a measure of the

particle size, and to the method of measurement adopted,

Most ashes have size distributions which give roughly
linear plots on the cowordinates used in these diagrams, although
a few have been recorded as having curved or Swshaped
characteristics, From these plots it can be seen that the finer
particles are more numerous than the coarse but they contribute

much less to the weight,

For examples, more than 60% ~ numerically « of the
particles in one ash have been noted‘as having diameters of
less than 3 microns, but these particles contribute less than
1O% of the totgl weight; conversely, another ash had 1% »
nuﬁerically « of the particles with diameters greater fhan 10

microns and this 1% contributed half of the weight of the ash,

This must effect the activity of an ash and this

aspect is considered at a later stage.

Prior to 1960 most published investigations of p.f.ash
the material had been treated as a homogeneous material of

variable properties. The British Coal Utilisation Research

10.



Association have carried out extensive works, published in 1962,
investigating the activity of p.f.ash as a pozzolan.(4) The
work was also to investigate if an alternative index of ash
activity could be deduced as the specifications were expressed
in terms of lower limits on the composition of certain
-components believed to be desirable (Sioz,AL203), upper limits
on other components suppesed to be deleterious (Sulphur, Carbon)
and lower limits on fineness etc. The main disadvantages of
this approach is that any new uses of the ash, or any new
properties which are to be assessed, would require the setting

up of further specifications based on other empirical work.,

Thorne and Watt analysed ash collected at 13 British
generating ;tations from 4 out of the 5 regions composing the
Central Electxicity Generating Board. These samples were
analysed by colorimetric methods, with their results in Table 1
and can be compared with the stipulated chemical requirements
of certain British and American Fly Ash specifications given in

Table 2.

The carbon contents of the ashes vary considerably but
the ash analyses are otherwise very similar to each other, It
can be seen that all except the samples of high carbon content
from the Tir John and Llynfi conform to the ASTM and CEGB
specifications and most of the samples conform to the
requirements of all four specifiéations. It is also noted that,
although the Hams Hall sample was known to have exceptionally
high activity? its analysis does not appear to depart from the

general pattern of the other samples.

11,
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3,1.1 TABLE (2)

-

Chemical Reduirements of Various Published

p.f., Ash Specifications

Component ASTM Bureau of Reclamation U.S.Coxps _
C350~54T ' 5 of CeE.G.B.
ngineers :
5102? - 40,0 min Si0 +Al,04+Fe, Oy 40,0 min 35.0 min
A1203% - not less than 75.0% 15,0 min -
MgO% ' 3.0 max 3,0 max 3,0 max 4,0 max
803% 3.0 max 4,0 max 3.0 max 3.0 max
Ignition
loss % 12,0 max 5,0 max 5,0 max 12,0 max
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3.1.2 DISAGGLOMERATION

The results of works carried out by Watt in 1959
suggested that most p.f;ash particles were not homogeneous
separate particles, but agglomefates. Thorﬂe and Watt in 1962
fu;ther investigate disagglomeration by extracting p.f.ashes
with water. The agglomerated particles in most ashes were
rapidly broken down by this treatment to give products whose
constituent particles, 1=50 microns in diameter, were seen under
the microscope to be similar to the single particles found in

the original p.f.ash.

Besides this easily decompossible type of agglomerated
particles there was another kind of particle which was not
broken up by water, nor even by dilute alkalis, but which was
attacked by dilute inorganic acids; the attack proceeded by
progressive etching of the particles and continued until the
greater part of the agglomerate was dissolved and the rest
converted into a featureless residue, without at any time passing
through a stage in which the agglomerates were reduced to their

constituent particles,

However only the ash from Stella South was found to
contain more than about 1% of agglomerates of this kind, and
they were neglected, therefore, as insignificant components of

all other ashes,

For all the ashes except Stella South the method of
water extraction was found to be a sufficient means of dis-

agglomeration and it was adopted as a standard procedure and

14,



applied to all ashes before any other examination was made. This
allowed the study of the nature and properties of the ash more
basically and in greater detail than in previously published

work,

X Ray examination of the materials recovered from
the aqueous extracts by evaporation of the water has shown
them to consist mainly of calcium sulphate and calcium carbonate =~
the latter being derived presumably from atmospheric carbonation

of the calcium oxide which must have been present originally.

3.1.3 INVESTIGATION OF COMPONENT PARTICLES

Thorne and Watt4 carried out investigations into the
component particles of ashes using both magnetic and density
separations. They found that magnetic separation was highly
specific and therefore limited, although it was simple and
easily applied, so that density separation formed the basis
of their investigations, The method used was an adaption of
the float-andw-sink method which depended on the use of liquids

of various densities to separate by settling under gravity.

3.1.3.1 Density Separations

Systematic density separations were carried out on
five ashes4 and figures §2 and 3ﬁ show the results of this work
as curves indicating the relationship between the density of
the separation liquid and the percentage fraction of ash sinking

in the liquid of this density.

The gradient of density was also measured and plotted

15.
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as a fraction of density. At a density of 2.5 to 2.6 g/bm3
the ashes were all found to give a peak in the differential
curve., This varied in height according to the nature of the
ash but was very constant in position from ash to ash, The
fractions separating in this region were composed mainly of
clear glass spheres and were distinguished sharply from the

rest of the ash,

Particles of other kinds were not found to have
such highly characteristic densities although it was regularly
found that fractions of similar densities separated from
different ashes had generally similar characters and contained

the same kinds of particles.

The results of these separations were grouped into

three regions and are discussed below.

3,1.3.2 Peak Region: density 2.5 = 2.6 g/cm>

( .

‘The 2,5 - 2.6 g/'cm3 density peaks were dominant in
Hams Hall and Ferrybridge ashes; nearly 40% of these ashes
separated out within these limits, In Castle Donington ash the

peak was less dominant but still included about 17% of the ash.

Since the position of this peak was found to be so
constant from ash to ash it was investigated as to whether the
particles corresponding to these peaks were equally constant
in properties and composition, All five ashes fractions
sepafating in this region of density were analysed and the
results calculated to give a total of looxtfor the oxides

shown in Table 3.

18.



3.1.3.2 TABLE (3)

Analysis of 2.5 =~ 2.6 glbms fractions

Separated from five p.f.ashes

Constituents, %

Pef.Ash Method of

Analysis sio, Aléb fe203 | cao | mgo Nazo-w K,0
Rye House Spectrographic | 63 | 25,5 | 3.9 2.9 | 1.4 | 1.0 | 2.6
Ferrybridge | Spectrographic | 54 | 30 7 1.3 | 1.9 | 1.8 | 4.6
Carmarthen | )
Bay Colorimetric 52.1} 32,4 6.1 2.0 1.7 0.9 4,6
Castle
Donington Colorimetric 55,61 28.5 6.5 1.9 2,2 l.2. 3.9
Hams Hall Colorimetric 52.6| 31.5 | 5.4 3.5 | 1.8 | 1.7 | 3.6

the fractions from the last four of these ashes lie within a

The analytical results show that the composition of

rather narrow range; the silica contents, in particular, -

differ by not more than 4%,

make up about 84% of the fractions compared with 72 -~ 80% for

the briginal ash,

The silica and alumina togethex

Most of this difference arises from the

iron removed by the magnetic separation although some was

probably the calcium removed by the preliminary water

extraction.,

19,




3.1.3.3 Region above Peak: density greater than 2.6 g{bma

In all the p.f.ashes examined the fraction of density
higher than that of the 2.5 - 2,6 g/bm3 peak are a relatively

small part of the whole~between 0.2 and 6.7%.

Fractions of the highest density contain material
which is obviously rich in iron but these fractions are only a
very small part of the total, generally much less than 1% and
are not likely, therefore, to contribute much to the geaérél
properties of the ash. In the main these high iron components
seem to represent particles which are s%milar in composition
and'properties to those forming the magnetic and reduced

magnetic fractions which have escaped separation,

Only two fractions of density greater than 2,6 g/'cm3
were available in sufficient amount for analysis and the results
of both of these showed the decrease in silica content which
would be expected from the higher density. In the Rye House
fraction the decrease in silica content was accompanied by an
increase in the content of caléium; in the Ferrybridge fraction

there was a general increase in both calcium and iron,

3.1.3.4 Region below peak: density less than 2.5 g[bm3

The material separating at densities below 2.5 g/'cm3

was an important part of the whole for all the p.f.ashes
examined by Thorne and Watt. The amounts separated in this
region varied from 36% of the total for the Ferrybridge ash to
more than 55% for the.Carmarthen ash, At densities immediately

below the peak and down to about 2.4 g/bm3 the particles were

20.



found to be clear glass spheres, 'Generally the particles in
this range of density were larger than those in the peak

region and many of the particles contained bubbles.

At the next interval of density below this =« 2,2 to
2.4 g/cm3 ~ the particles showed no marked change in character
but many more contained bubbles and showed a spongy texture.,
Below this again, in the range 2.0 ~ 2.2, the tendancy increased
but was noted that even in this region small glass spheres were
occasionally seen and strained glass spheres were of common

occurence,

At deﬁsities still lower than this -~ apart from
unburnt coal particles =~ only spongy particles Qere found,
These increase in sponginess as the density decreased until
at the lowest density examined ~ below 1.0 «~ real cenospheres

predominated,

Cenospheres do not seem to be as common in p.f,ashes,
however, as some literature would suggest, and they did not

form an important part of any of the ashes in this investigation.

3.1.4 ANALYSIS OF DENSITY FRACTIONS

The composition of these fractions were determined by
analysis and the results recorded in Table (4). Considering the
Carmarthen, Castle Donington and Hams Hall ashes for which the
more reliable colometric analyses are available, it can be seen
that the differences in composition both between comparable

fractions of different ashes and befween fractions of different

21,
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densities separated from the same ash are by no means large.

Within each ash, however, the composition of the
fractions show a fairly definite trend and both SiO2 and A1203
increase as the density of that fraction decreases., This is
best shown by the results for the Ham Hall ash in which the
sum (Sio + A1203) increases uniformly from 81.5% for the
2,5 - 2,6 g/cm fraction to 86.1% for the 1.0 = 1. 5% g/cm
fraction., Similar but less regular increases can be found in

the other two ashes.

The characteristic difference in texture between
spongy particles and clear glass partiéies might be expected
to arise from differences in composition so that thé temperatures
which were high enough to bring about the complete fusion
required for the formation of clear glass spheres were sufficient
only for the partial melting represented by the bubbled structﬁre
of the spongy particles; or the two kinds of particles might
have similar composition but different physical history, in

that the clear glass particles may have been exposed to higher

temperatures or to longer periods of heating.

The differences between the analytical figures for the
fractions given in Table (4) are small and these figures can
be recalculated on the basis that SlO-+A1 03+Fe 03+Ca0+Mgo+Na Ot
K, O = 100. When this is done it is observed that in all the

2
ashes there is a tendancy for the content of the fluxing oxides

(F CaO, MgO Na20, K20) to decrease as the density fraction

€503,

decreases,
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This change is not altogether regular but the
content of fluxing oxides appear to decxrease by about 3%
in passing from the fractions of highest density to tho#e of
the lowest, representing about 20% of the amount of fluxing

oxides present.

~

A change in composition of this magnitude might
bring about a sufficient difference between the viscous
properties and fusion points of the glasses composing the
high density and the low density fractions to account for the
observed differences between the spongy and the solid glassy

particles they contain,

- In the Carmarthen ash the decrease in the content or
fluxing oxides is accompanied by an increase in the silica
content, with little change in the amount of alumina present.
In the Ham Hall and Castle Donington ashes, the silica contents
appear to vary in a random way and display no systematic
relationship with dené&ty, but the aluminaLcontents show a
fairly marked tendancy to increase as the densities or the
fractions decrease. This increase in the alumina content is
accompanied by a decrease in the Si02/A12Q3 ratio, and this
would tend to raise the fusion point of the particles, It is
to be noted that the SiOQ/A1203 ratio for Hams Hall ash is
consistently lower in each density range below 2.2 g/cm2 than
for the other ashes, This suggests that the fractions of this
ash has a higher fusion.point than the corresponding fractions

of the other ashes and this in turn implies that the Hams Hall

furnace runs at a higher temperature than the others and that
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the very high proportions of glass spheres found in the ash

arise mainly from this circumstance,

3.1.5 POZZOLANIC PROPERTIES OF THE DENSITY FRACTIONS

A principal purpose of the separation of p.f.ashes
into fractions was to provide samples consisting predominantly
of one kind or another of particles whose pozéolanic activities
could then be compared by crushing strength tests on lime
mortars. The ashes varied widely in composition and particles
which were dominant in-one ash were sometimes present in
another in such small quantities as to make it impracticable

to prepare a sample large enough even for a small scale test,

Density separatioﬁs were carried out on 20 gram
samples at densities of 2.74, 2.5 and 2.0 g/cm> using a
certifuge., These intervals of density were chosen to divide
the ash into regions in which the four main types of particles
predoéinated i.e, high density high~iron particle above 2,74
g/bms, clear glass:sphere type particles 2,75 « 2,5 g/'cm3
strained glass paxticleé 2,5 « 2,1 g/'cm3 and spongy particles
below 2.1 g/bm3. All fractions were analysed spectrochemically
and crushing strengths were determined using an 11 day
accelerated cure, The results of this work are presented in

Table (5{.

3.,1.5,1 General relationships between fractions of different
densities

3.1e5.2 Fractions of densityﬁgreater than 2,74 9[cm3

Fractions of this density from all ashes gave low, but
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ndt negligible, strengths, It is known from the detailed
density separations of these ashes that these fractions still
contained someé glassy spheres; this is shown‘also by the
analysis of the fractions, which show SiOé+A1203 contents

of 17-38 ~ and it is probable that the strength of these
fractions arise mainly from this, There is a rough parallel
between the (Si02+-A1203).contents and the strengths observed,
except for the Hams Hall fraction. The lower strength of the
mortar from this fraction is almost certainly a consequence of
the lower deﬁsity of the cubes (2,28 g/’cm3 compared with 2,44,
2,43 and 2,45 respectively for fractions of similar density

from the other ashes) and the correspondingly lower content

of ash,

3.1.5,3 Fractions of density 2,74 = 2,5 g/bma

For all ashes except the Skelton Grange, the fractions
in this range of density were found to give higher strengths
than any others, but for most ashes the difference between
these fractions and those of next lowest density was not very
marked. It would be expected that the strengths of these
fractions would be higher than those for the corresponding
whole ashes, but in fact this was so only-fo;.the Castle
Donington and Skelton Grange ashes. It was thought at first
that this might be due to some effect of the bromoform used
in the density separations which might have altered the nature
of the surfaces of the reactive particles and reduced their

reactivity, but this was tested directly by wetting a whole

sample of Rye House with bromoform, evaporating it off and
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comparing the strength of a mortar made from the resulting
product with one made from the untreated Rye House ash. No
significant difference was found and it was concluded that the
bromoform treatment had not affected the activities of the
fractions. It seems likely that the crushing strength of the
Aortar made from the most active fraction of the ash is lower
than that of a mortar made from the whole ash because of séme
difference between the packing properties of the particles of

the fraction and the particles of the whole ash,

3.1¢5.4 Fractions of density 2.5 = 2,1 gécms

The crushing strengths of the mortars prepared from
these fractions were generally only a little lower than those
from the 2,74 - 2,5 fractions, except for the Rye House ash for
which the fraction of lower density had much lower strength,
Before this can be accepted ;sLa conclusive statement of the
relative strengths of the mortars from the fraction at the two
ranges of density, several modifying factors must be taken into
account. In the first place, although no actual determinationsL
have been made of the size distributions of the particles, those
in the fractions of lower density appeared to be generally «
larger than those in the 2,74 «~ 2.5 g/'cm3 fractions and hence
will have lower specific surfaces; since accelerated cure tends
to reflect differences in the rate of development of the sirength
of the mortar rather than differences in their final strengths,
this would be expected to ihcrease the relative crushing
strengths of the mortar made from the fractions of higher -

density, and to show the lower density fractions at a
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disadvantage. Secondly, the lower density contains some carbon
and if allowance were made for this the strength of their
mortars would probably be increaséd, although not by a large
factor. Thirdly, the mortar cubes from the fractions of lower
density will have lower Strengths because they contain less
fly ash, and hence, since the proportions of the solid
components of the mortar are fixed, less sand and lime., The
effect of this on the strength is likely to be larger than

that of either of the two other factors mentioned.

3.1.5,5 Fractions of density less than 2,1 g[bm3

Mortars made from these fractions all gave crushing
strengths much lower than those from the fractions of highest

density. The cube densities for these mortars were very low.

3.1.6 SELF HARDENING PROPERTIES

When a p.f.ash is wetted and compacted it slowly
hardens and developes a crushing strength over a period of days
or weeks,  This property was investigated by Thorne and Watt 2
in four Scottish ashes and particular attention was paid to the
watex solublé components of the ashes,

It was suggested during this investigation that both
lime and calcium sulphate were active in the pozzolanic reaction,
This was tested by investigating the inflpence of small amounts
of these materials on the ‘strength of an ash, from which all

water soluble material had previously been removed by extraction

with water.-
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Firstly, the water extracted ashes were tested by
small scale methods to confirm that their selfshardening
properties had been removed by the removal of the water=soluble
components, This was satisfactorily confirmed and the small
strengths recorded were shown to de due to traces of water

soluble material still remaining in the extracted samples.

The extracted ashes were mixed with small amounts of
lime as Ca0, calcium sulphate as CaSO4.2H20 and potassium
sulphate as K2804, and, the strengths of-the products were
determined by small scale tests. Each compound added waé
ground to a maximum particle size less than 10 microns which
was comparable with the particle size of the water soluble

components of the original ashes,

The effects were as follows:=
3.1.,6,1 Calcium Sulphate confered some»Self-hardening
properties either by reacting directl& with the p.f.ash
particles or by enhancing the effect of the traces of water

soluble material still remaining in the water extracted samples.
}

3.1.6.2 Lime produced a hardening reaction superior to that
obtained with calcium sulphate. The relative strengths of
the ashes when lime was added were very different from those
'of the original ash., The finest ash benefited most from the
lime while the next coarser ash showed worse strengths than

the coarsest ashes., This is possibly explained by a low content

of lime in the original ash.

3.1.6.3 When lime and calcium sulphate were both added the

strengths increments were greater than the summation of the
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strengths when the materials were added separately.

3.1.6.4 Further experiments were carried out to test whether
the action of calcium sulphate in increasing the effectiveness
of additions of lime to the p.f.ash arose from its calcium

content or from its sulphate content.

These results showed that potassium sulphate improved
the action of lime but not so effectively as calcium sulphate.
It was concluded that both the calcium and sulphate content of
calcium sulphate take part in increasing the effectiveness of
free lime and that the small proportions of alkaline metal
sulphates present in the original ash played a part in the

self hardening action.

3.1.7 REACTIVITY OF P.F.ASH

From these crushing strength experiments it is
evident that there are differences between the self hardening
properties of the ash which cannot be explained simply by the
differences in the content, or even in the composition of the
water soluble material., It is likely that differences in the
chemical reactivity of the ash particles making up the agh

will influence the stfengths.

This was tested by the B.C.U.R.A.4 when ash was
allowed to react with a saturated solution of lime for a given
period and the solid products of reactions were then extracted
with hydrochloric acid. The reaction between line and p.f.ash

results in the conversion, to compounds soluble in acid, of
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some part of the originally insoluble $i0,, Al,0; and Fe,0;.

_ The amount of the soluble material produced in this way -
referred to as the 'acid solubles increment'! - can be estiﬁated
by normal chemical methods and used as a measure of the extent

of chemical reaction with lime,

Again, it has been found that the specific surface of
an ash, derived from the particle size distribution, correlates
with the extent of reaction in the. 'acid solubles’increment’

determinations,

This implies that the rate of reaction simply depends
on the area the particles present for reaction and not on any
differences in the inherent reactivity of the particles, arising

for example from differences in chemical composition.

Deviations from a similar correlation of specific
surface with crushing strengths therefore imply that the
crushing strengths, under the conditions of lime addition,
are not determined simply by the specific surface of the ashes

but that some othex factor is involved.

This may be the way in which the particles in the ash
pack together and it is interesting to note.that, if the 28 day
strength increments of the ashes, with the additions of lime
and calcium sulpha@e,.are plotted against the products of
specific surface and the mean gradieht of the size distribution

curve an approximately straight line is produced.

If the product of specific surface and mean gradient

32.




of the size distribution can be used as a means of taking into
account differences in packing properties then the hardening
propertiés of an ash must be related to the packing properties.
This means that the 'acid solubles increment'! and the packing
properties of ashes appear to give the best guide to the

activity of any p.f.ash,
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Polymer Stabilisation of P.F.Ash

3. Review of p.f.ash

3.2, P.f.ash as a fill material



3.2.1 ASH AS A FILL MATERIAL

Where p.f.ash can be used as a material for in-fill
or as load bearing fill it will be quickly seen that larger

quantities can be handled than in all of the other usages,

consequently a lot of work has been put into the various aspects

of compacting this material,

The low specific gravity of p.f.ash gives dry and
bulk densities for compacted ash which are substantially less
than those for soils normally used in road construction.
Typical values of maximum dry density and optimum moisture

content obtained in the B.S.Standard Compaction Test (B.S.1377)

are given in Table 6.

3.2.1 TABLE (?)

TYPICAL VALUES OF MAXIMUM DRY DENSITY
AND OPTIMUM MOISTURE CONTENT FOR P.F. ASH

MAX. DRY OPT.MOISTURE
STATION DENSITY CONTENT
(1b/f1/;- ) (%)
/7

BARONY 88.0 21,2
BRAEHEAD 74.2 27.0
KINCARDINE 80.0 25.0
PORTOBELLO 76.8 27.5
BOLD 86.0 20.5
AGECROFT 7744 24,0
CHADDERTON 72.0 26.5
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Ashes from different stations could be expected to have
different characteristics but it has been found that samples

of ash taken from a particular station at different times can

have different compaction features, as shown in Table 7.

3.2.1 TABLE 7
VARIATIONS IN COMPACTION CHARACTERISTICS OF

ASHES FROM THE SAME STATION

STATION BATCH MAX. DRY OPT.MOISTURE
DENSITY CONTENT
(1bs/ft3) (%)
BARONY 1 86.9 20.4
2 88.8 20.6
3 84.0 22,4
BRAEHEAD 1 69.0 33.0
2 72.0 29,0
3 78.0 23.5
KINCARDINE 1 78.5 23.0
2 78.5 25.0
3  70.5 29,5
PORTOBELLO 1 70.2 32.3
2 78.8 25,7
3 78.3 25,0
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The compaction test procedure used for p.f.ash
should be that for soils susceptible to crushing given in
B.S.1377,1967, where separate samples are recommended for
each poisture content investigated., If the same sample is
used throughout the text, crushing of the particles can affect
the value of the maximum dry density and the optimum moisture
content., It should be noted that maximum dry density in the
compaction test occurs at air voids percentages ranging from
5 to 15 pexrcent. Soils normally have air voids between 1
and 5 percent at maximum dry density, therefore, a specification
for compacted normal_soils which limits percentage air voids in

roadworks from 5 to 10 percent does not apply to p.f.ash.

36,37,38 characteristics

Reports on the self hardening
of ashes tested under laboratory and field conditions show
that asheé from different stations have different self-hardening
properties and also that ashes sampled from the same station at
different times.can have different self hardening properties.

This latter condition is probably related to effect of variable

compactions at optimum moisture content.

Some investigations used unconfined compression tests
as a measure of strength while others used triaxical compression
tests to distinguish between the cohesion and friction
contributions to shear strength. The results of measurements

for unconfined compression strengths36

at times up to six months
indicated that only three of the nine ashes tested exhibited any

marked self hardening characteristics. These three ashes
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attained unconfined compression strengths of about 160 1bs/in2,

330 lbs/in2 and 530 lbs/in2 at six months, Four of the
remaining six ashes however did not attain such high strengths
at six months but acquired two to three times their initial

strengths.

\

In a further series tested it was shown that at 28
days only one of thirteen ashes showed no strength increase
while the remainder had acquited unconfirmed compression strengths
of from 1.4 to 9 times the initial strength, After six months
the ash with no strength increase at 28 days had increased its
strength to 1.3 times its initial strength, the corresponding
strengths for the remaining twelve ashes beiﬂg from 1.7 to 15

times the initial strength.

At the University of Glasgow where investigations
have been confined to ashes from Scottish stations, the
hardening characteristics of ashes taken from the same station

at different times have been found to differ.

The first series of te;ts at G;asgow were made on
ashes from Barony, Braehead, Kincardine and Portobello station.
Specimens 13 inch diameter and 3 inches long were prepared at
the maximum dry density and optimum moisture content values
found from the B.S.Standard Compaction Test (B.S.1377 1961),
Unconfined compression and undrained triaxical compression
tests were made at intervals of times up to 3.4 years on
specimens which were sealed to ensure no loss of water during

curing at constant temperature.
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A summary of the values of cohesion Cu and angles of
shearing resistance @u obtained at each time of testing is given
in Table 8, The initial unconfined compression strength values
were approximately 50 lbs/sq.in. in all cases énd Table 9

records strengths at given ages as ratios of initial strengths.

3.2.2 COMPARISON OF UNCONFINED COMPRESSION STRENGTHS

3.2.2 TABLE (9)

Ratios of unconfined compression stxengths
at different times to 1 day strengths

ASH SOURCE
AGE
DAYS | BARONY BRAEHEAD KINCARDINE PORTOBELLO
1 1 1 1 1
2.8 3.6 1 1.5
28 3.2 4.1 0.9 1.8
91 3.8 4,6 1.1 2,0
182 4,0 5.0 1.2 2.2
371 4,2 5.4 1.4 2.3
749 5.5 5.6 1.6 2.5
1230 7.7 8.8 2.3 2.8

It can be seen that between one day and 28 days, the
Barony and Brachead ashes increase by 3 to 4 times their one
day strength, the Portcbello ash was twice as strong while the

Kincardine ash actually appears to have lost some strength.
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3.,2.3 SHEAR STRENGTH CHARACTERISTICS

Most of the investigations into the shear strength
and self hardening characteristics of p.f.ashes have been made
on specimens prepared at the values of maximum dry density and
optimum moisture content found in the B.S.Standard Compaction
Test. The Laboratory determined maximum dry density cannot be
achieved in field compaction, where 90 percent relative

compaction is closer to what can be expected.

The initial shear strength and the shear strength
attained at any specific time will be affected by the density
and moisture content at which the ash is compacted in the

laboratory or the field.

Two series of tests were carried out in the University
of Glasgow to investigate the effect of initial density and

moisture content on self hardening.

In the first series ashes from five Scottish stations
were used, Specimens, 1% inches diameter and 3 inches long,
were prepared at the optimum moisture content for each ash but
at compactions of 85, 90, 95 and 100 percent of the maximum
dry densities found in the B.S.Standard Compaction Test.
Undrained trixial compression tests were carried out on the
specimens at 1, 3, 7 and 28 days after preparation, to give
undrained shear strength values of cohesion and angle of

shearing resistance.
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The Coulomb expression for shear strength is
S= Cu +g tan @u
where S = shear strength (lbs/inz)
Cu = Cohesion (undrained) (lbs/inz)
o=

normal pressure on plane of failure (lbs/inz)

Pu = angle of shearing resistance (undrained) (degrees)

To enable comparisons of shear strength to be made
between the ashes and to take account of the effects of
cohesion and angle #hearing resistance on shear strength, the
shear strength of all ashes were calculated using a value for

the normal pressure, e~, of 20 lbs/inz.

For the condition of one moisture content - the
optimum moisture content - it was found that there was no
consistent difference in the rate of hardening of any ash as
the relative compaction was increased from 85 to 100 percent.
If anything, the ashes that were initially denser displayed

greater rates of self hardening.

From these tests, only a broad assessﬁent can be made
of the influence of the relative compaction on the shear strength
of an ash at any time after preparation since all the ashes
did not behave identically. If the shear strength at 100 percent
relative compaction is taken as the datum, then the approximate
shear strengths at various values of relative cohpaction - with
samples prepared at optimum moisture content - are shown in

Table 10,
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3.2.3 TABLE (10)

Influence of Relative Compaction on Shear Strength

Percentage Shear strength as
Relative percentage of value
Compaction at 100 percenf Relative
Compaction

85 60

90 75

95 . 90-95

|

A further series of tests were made on Portobello
ash. Undrained triaxial compression tests were made on
specimens prepared within the range of moisture content from

15 to 30 percent (optimum 27.5 percent) and range of relative

compaction from 78 to 100 percent and tested at 1, 7 and 28 days.

The general conclusions to be drawn from these tests

were that for the ash compacted to a given dry density,
slightly higher initial shear strengths were obtained for the

lower moisture contents.

Also the ash compacted to a given dry density a
greater rate of self hardening occurred as the value of the
initial moisture content increased, e.g. for an ash at 100
percent relative compaction the increase in shear strength at
28 days was 4 l'bs/in2 at a moisture content of 15 percent as

against 22 1bs/in2 at a moisture content of 30 percent.,
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3.2.4 FIELD TRIALS ON A P,F.ASH EMBANKMENT

The laboratory results of the influence of relative
compaction and preparation moisture content on self hardening
characteristics can be compared with the results from a trial
embankment reported on by Sutherland and Finlay37. This
embankment, which was constructed at Portobello Station, was
6 foot and 6 ins high and had a top area of 60 ft by 25 ft.
The material used was hopper ash which was brought to the
appropriate moisture content at the station before placing.
Compaction was by 173 cwt and 2 ton vibrating rollers, and
tests for dry density and moisture content were made at 24
control areas for each of the nine compacted layers making up
the finished height of the eﬁbankment. The change in shear
strength of the ash with time was investigated by taking samples
through the depth of the embankment and submitting them to
undrained triaxial compression tests. The tests were carried

out at construction and at 37, 144, 550 and 1171 days after

construction,

A plot of the dry densities and moisture content of
the 216 samples taken during construction indicated that the
average relative compaction of all the samples.was 86.5 percent
of the maximum dry density obtained from the B.S.Standard
compaction test, The average moisture content was 26.1 percent
against the optimum value of 28.9 percent, and the average

density was 63.9 1lbs/cu.ft.

The average shear strength of the field samples,

which had an average relative compaction of 86.5 percent was
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about 65 percent of the value corresponding to 100 percent
compaction and this average percentage applied to the results

obtained during the complete test period of 3.2 years.

Both field and laboratory samples nearly doubled in
shear strength in the 3.2 years, about 50 percent of the

increase in strength occurring within the first month.

C.B.R. Tests made on the surface of the embankment
showed an increase from 16 percent at one week after construction
to 38 percent in nine months despite the fact that the average
moisture content had increased from 26.9 to 38 percent in the

same period,

The average percentage air voids obtained at the
field embankment was 25.4 percent. The Ministry of Transport
type of specification for compaction control calls for not
greater than 1lO% air voids in general embankment construction
and not greater-than 5 percent air voids in the top 2 feet of
the embankment. The nofmal air voids criterion does not there-
fore apply to p.f.ash and this is demonstrated by the relatively
high shear strength obtained with p.f.ash even at apparently
excessive air void values. For the Portobello ash used in the
embankment 100 percent relative compaction occurred at about

10 percent air voids.

3.2.5 COHESION AND ANGLE OF SHEARING RESISTANCE.

Further tests34 carried out on freshly compacted p.f. -

ashes gave apparent cohesions in the range 4-10 lbs/Ei.n2 and
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the angle of shearing resistance in the rénge 28°- 35° with
mean values being of the order of Cu=6 lbs/sq in and gu= 33_0.
Professor Raymond has found that for almost every ash that he
has tested these parametres have increased with time to a
greéter or lesser degree. The range of values of the apparent
cohesions for age hardening specimens is much greater than at
zero time reflecting the differing pozzolanic reactivity of
different ashes. From tests it has been observed that the
strength at any given time shows marked variations between
ashes and that the patfern of gain in strength appeared to vary.
However, significant gains in strength wéere noted throughout

these tests.

Compacted partially saturated p.f.ash used to support
structural loads will thus be in the weakest condition
immediately after laying. In many practical applications the
interval between laying and load bearing &ill be sufficiently
long to allow appreciable hardening to take place, but in other
cases immediate strength forms an important though conservative
design condition. The results discussed above and most reported
data on p.f.ash properties relate to specimens made up at
optimum moisture content and compacted to standard maximum

dry density.

Problems of compacting are discussed later but it is
confirmed that even with very careful control the Proctor
maximum dry density is not achieved in the field, and a figure

of 90 percent of this value is a more realistic one.
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Systematic studies on the effect of relative compaction
suggest that so far as immediate strength is concerned the
apparent cohesions of specimens made up at densities which are
90 percent of the maximum are about two thirds the values
obtained on the denser specimens; the angle of shearing

resistance is reduced by about one fifth.

3.2.6 COMPACTION OF P.F.ASH IN THE FIELD

Since the shear strength of any given p.f.ash is
related to the state of compaction, correct handling in the
field is of particular importance when ash is used as a

structural fill,

Field research and site experience during recent
years33 have shown the following types of plant to be suitable

for compacting p.f.ashes:

3.2,6.1 tandem vibrating roller with a minimum dead weight

of 17 cwt.

3.2.6.2 towed vibrating roller with a minimum dead weight

of 30 cwt.
3.2.,6.3 pneumatic tyred rollers
3.2.6.3 trench impact rammers with large shoes.

Large, medium and even small smooth wheeled rollers
have not in general given good performances on fine p.f.ash
because the material tends to form a wave in front of the

forward roll which finally brings the roller to a standstill,
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and Sheepsfoot rollers tend to overstress and excessively
disrupt the rolled surface. Prior to compaction the p.f.ash
must be spread in thin layers and given an initial compaction
with the spreading plant. Site experience has shown that the
flat tracked spreading plant gives a very good suxface on which

the compaction'plant can operate,

Naturally, the type and number of units of equipment
employed on any one job will depend on the daily quantity of
pef.ash supplied to the site., 1In the following examples, however,

good compaction was achieved using the actual combination quoted.

3.2.6.5 Confined areas - e.g. wedge fill behind bridge abutments

Approx. 300 loose Spreading - Drott skid shovel
cu yds of p.f.ash Compaction - 1 No.Vibroll 32RD
per day tandem vibrating roller.

Allam impact rammer or similar
for compaction adjacent to the
vertical filter drain.

Approx. 500 loose Spreading - As above but 2 No
cu yds of p.f.,ash ' vibrating rollers required.
per day

3.2.,6.6 Open areas e.g. large embankments

Approx. 3000 loose Spreading - 1 No.Caterpillar
cu yds of p.f.ash D8 bulldozex
per day Compaction - 2 No.Caterpillar

955 Traxcavators,K towing vibroll
54T vibrating rollers.

1 No.Caterpillar D4 bulldozer
towing a 10 ton Pullen wobbly
wheel roller.,
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' On other sites Vibroll 72T vibrating rollers have
been towed by smaller plant such as D4 bulldozexs, County
Crawler tractors and wheeled tractors. For estimating purposes
11 loose cu.yd. of p.f.ash compacts to 1 compacted cu.yd. and 1

compacted cu.yd. of p.f.ash weighs about a ton.

3.2.7 GENERAL SPECIFICATION FOR ASH AS FILL MATERIAL

When p.f.ash is to be specified for use as structural
fill material the following specification has been drafted by the
technical officers of the C.E.G.B. and their marketing agents as

a guide.

3.2.7.1 The p.f.ash shall be supplied from approved power

stations of the C.E.G.B.

3.2.7.2 Once the p.f.ash is spread, it shall be compacted

immediately.

3.2.7.3 Each layer shall be such that when compacted it does

not exceed 6 inches in thickness,

3.2.7.4 The minimum dry density after compaction shall be
90 percent of the mean of the maximum dry densities obtained
from a number of samples by the British Standard compaction
test. This may be subject to adjustment as agreed from the

results of field tests,

3.2,7.5 The compaction shall be carried out by suitable

approved plant to achieve the specified dry density.

The limitation of layer thickness after compaction to
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6 inches follows the general standard suggested by the Ministry
of Transport and the Road Research Laboratory for conventional
soils, In some cases low dry densities have been directly

attributable to compacting in thick layers.

3.2.8 USE OF FILTER LAYERS

When p.f.ash is used behind abutments and retaining
walls it is important that provision of a drained vertical
filter layer is made between the p.f.ash and the wall, as this

will allow the shear strengths of the ash to develop.

When an embankment is conétructed on grouhd having a
high water‘table, it is advisable to put down a layer of clinker,
hard core or free draining granulal fill prior to laying the p.f.
ash, The layer should be thick enough to pre§ent the ground
water rising into the p.f.ash, since when this happens proper
compaction of the lower layers becomes difficult and a zone is
formed, which on the evidence of in-situ tests, remains softer
than the rest of the bank. Though this may be of little
importance in an embankment of some thickness, it may be of
significance in relatively thin banks designed to sustain

structural loads,

3.2.9' ACTIVE PRESSURE ON P.F,ASH RETAINING STRUCTURES

The relatively high shear strength of compacted
moistened p.f.ash together with its low bulk density when
compared with other soils suggested its use as the wedge of

selected filling behind earth retaining structures.
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Considering the active pressure on a bridge
retaining wall 20 ft high having a vertical back and supporting
p.f.ash, the surface of which is horizontal. At 90% relative
compaction a typical p.f.ash might have the followiﬁg shear
parameter:
@ =26.,5 deg.
C = 4.0 1b/sq.in.

Assume the bulk density =83 1lb/cu.ft, (1 ton/bompacted cu,yard)

Since a filter drain will be constructed immediately
adjacent to the wall, the wall adhesion Cu O, and it is
reasonable to assume that due to traffic vibration the angle of

wall friction &= O.

g

Then pan = Z fan® (45 - (g) ) - 2 c tan (45- %)
where pan — horizontal component of active pressure at
) - a depth Z from the top of the wall,

hrd
Putting £.= H = 20 and using the values given

pan = -83 1lb/sq.ft.

The negative pressure indicates that the material will
be free standing and the value of the '"free standing height! can

be calculated for a given set of conditions.

This analysis refers to the state of stress immediately
on laying. Due to increase in shear strength of p.f.ash with
time, an analysis made allowing for conditions some time after

laying would be even more favourable,

When the total pressure on the wall is small or

negative in value the Civil Engineering Code of Practise (Earth
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Retaining Structures) suggests that design be carried out on
the assumption that the horizontal pressure at any depth is
equal to that from a fluid having a density of 30 1lb/cu.ft.

i.e. pan = 30Z 1lb/sq.ft

This figﬁre is possibly unduly conservative when
designing walls to retain p.f.ash and in the bridge design for
the M.l extension ~ south section - with the sanction of the
Ministry of Transport, a minimum horizontal pressure equivalent
to that from a fluid with a density of 15 1b/cu.ft. has been
used. In cases where an appreciable proportion of the bank
surface is‘exposed, to permit percolation, seepage towards the
drainage layer may cause additional active thrust on the wall
and the code suggests that this be taken as half the full
hydrostatic head to which the wall could be subject if the
drainage were unable to accommodate the seepage and backed up
to the full height of the wall i.e. O.S.ZS wH. In this case the
submerged density is used in calculating the ac¢tive pressure
and it may be noted that in the example given, the maximum
pressure at the base of the wall allowing for seepage is

15 H 1b/sq.ft.

3.2,10 FOUNDATIONS ON P.F.ASH

Compacted partially saturated p.f.ash is a material
possessing both cohesion and a marked angle of shearing
resistance and can be exbected to have a high bearing capacity.
Terzaghi's equation for the general shear failure of shallow
foundations can be used to investigate the bearing capacity of

strip footing founded on p.f.ash.
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Ultimate bearing capacity
=qf
:chﬁ:K Dqu+:B (B/2) ﬁx

Where Nc’ Nq and N are parameters dependent on the
angle of shearing resistance of the soil
B = width of footing

Df = depth of footing

Designing again for p.f.ash immediately after laying
at 90 percent relative compaction and assuming a 3 ft wide

footing founded at 3 foot below the surface we have:-

25 = 83 1b/cu.ft Df = 3 feet
B = 3 feet

Using tabulated values of the bearing capacity

coefficients:~-

Mean gf = 4 x 144 x 28 83 x 3 x 14 83 x 3 x 12
lg/sq.ft
= 7.2 + 1.55 + 0.67 tons/sq.ft

= 9.42 tons/sq.ft

Using a factor of safety at 3 this gives a safe

bearing capacity of 3.15 ton/sq-ft and this value can again be

expected to increase with time., It would appear reasonable

therefore to design narrow footings founded on thick beds of

well compacted p.f.ash to carry design loads of the order of

3 tons/sq ft without risk of undue settlement.
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Polymer Stabilisation of P.F.Ash

3. Review of p.f.ash

3.3 P.f.ash in concrete



3.3.1 P.F.ASH IN CONCRETE

A pozzolan is defined as a substance which has no
cementing property of its own but develops cementitious
properties with lime and water. The word pozzolan is derived
from the town of Pozzuoli in the Bay of Naples which was one
source of highly cementitious volcanic tuff known to the
ancients. The development of pozzolanas made the engineering
and architectural achievements of the Romans possible,
particularly such structures as the 142 ft diameter dome of the
Pantheon, the massive vaults of the Colosseum and many other
Roman buildings. The remarkable state of preservation of these
buildings demonstrates the effectiveness of the material
employed. The ability of these pozzolan - lime mixtures to
harden under water was also well known to the Romans and their
extensive harbour-works, still remaining undersea, testify to
the resistance of these materials to aggressive waters. P.f.ash

is regarded as a pozzolan.

The pozzolanic reaction is very temperature sensitive,
and a temperature rise from 12°C to 25°C can increase the tensile
strength of lime pozzolanall, autoclaving of pozzolanas also

produces significant increases in strength,

The reactions of p.f.ash and cement stem largely from
the fact that the hydration of portland cement releases
considerable amounts of lime. Mixtures of p.f.ash and cement
therefore undergo a twofold haxdening process, one due to the
cement alone and the other due to the reaction between the

released lime and the p.f.ash., The second reaction proéeeds
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more slowly than the first but continues for a considerable

period; this is a characteristic of pozzolanas.

Ordinary portland cement can be regarded as
consisting principally of two calcium silicates: tricalcium
silicate 3 cao $i0, with, generally,a smaller proportion of
dicalcium silicate 2 CaO Si02. If it can be regarded as
consisting solely of the tricalcium compound, then the hydration
reaction can be expressed as:-

3 Ca0 $i0, water Ca(OH), x Cal.y SiO, aq.

This action does not stop when thesolution is
saturated with calcium hydroxide but hydration continues and
the further lime liberated by the reaction is deposited as
crystals of calcium hydroxide4. The amount of lime so liberated
is considerable and may amount to some 10 to 15 percent by

12. In addition to this, free

weight of the anhydrous cement
Ca0 occurs in the cement before hydration, commonly to the

extent of 0.5 percent, but occasionally very much higher,

The free lime present in portland cement concretes as
a result of the above reactions is the source of a number of
weaknesses., It makes little or no contribution to the strength
of the concrete and is readily subject to chemical attack, as
lime is soluble in water particularly when free Coa is present.
The presence of a pozzolana reduces the rate at which lime can
be extracted arnd the proportion dissolved of the total lime
present in the cement, owing to the combination of the free

calcium hydroxide in the lime - pozzolana reaction,
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3.3.2 CONCRETE CORROSION

Soluble sulphates attach concretes very readily and
magnesium sulphate is particularly virulent. The alkaline metal
sulphates react with both the free calcium hydroxide and the
hydrated calcium aluminates. Magnesium sulphates in addition
to attacking these compounds also decompose the tri and
dicalcium cilicatesls. The disruptive effect on concrete of
the sulphate/balcium hydroxide reaction can be gauged from the
fact that the gypsum (Ca 804.2H20) which is produced has more
than double the solid volume of the calcium hydroxide from

which it was formedll.

The end product of magnesium sulphate attack is more
complex and there is evidence that the magnesium hydroxide first
formed reacts with the silica gel to form a hydrated magnesium
silicate., This substance, in contrast to silica gel, has no

binding power.

The favourable influence of pozzolonas on resistance
to sea water and magnesium sulphate has been attributed primarily
to the increased amount of silica gel that is formed when the
sulphate acts not only on the hydrated silicates formed from the
cement but also on those arising from the reaction of lime with

the pozzolana,

The temperature effect on the cement pozzolana reaction
is also of great importance. At higher temperatures lime and
silica combine to form tobermorite, a mono calcium silicate

hydrate (CaO.SiOz.HZO). The autoclaving process, using steam
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http://CaO.SiOp.H_0

at about 11 atmosphereé pressure = corresponding to.a temperature
of approx. 185°% - greatly accelerates this reacti on which is

the basis of many manufactured concrete products, particularly
aerated building blocks. This treatment make; concretes almost
completely resistant towards sodium ﬁnd calcium sulphate and

also greétly increases resistance to magnesium sulphate.

3.3.3 PHYSICAL EFFECTS

The physical effects of p.f.ash on concrete mixes are
many. By virtue of its large content of spherical particles,

p.f.ash is a useful workability aid22

and fields of application
include:-

Lean mixes; where the introduction of p.f.ash can be
used to give a 1:20 mix the workability of a 1:7 mix ﬁithout
urninecessary incréase in stiength and this will also reduce the
tendency to segregation. |

Pumped concretes; where the increased workability
gained from the addition of high specific surface ashes inéreases
the distances that concrete can be pumped. At Pembroke Power
Station the use of p.f,ash enabled concrete to be pumped distances
of up to 1,700 feet,

A higher standard of surface finish in both precast
énd insitu concrete is being reéorted.from concrete mixes which

include p.f.ashes as a workability agent,

3.3.4. CEMENT REPLACEMENT

The effect of replacing part of the cement content of
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concrete by p.f.ash has a marginal effect on the overall
density. This can be readily understood when it is realised
that cement rarely exceeds 15% of the total concrete weight
in mass structures. Replacemént of 20% of cement by p.f.ash
would cause a 3% reduction in total coﬂcrete weight. As the
particle densit& of p.f.ash is about 70% that of cement, then
the density reduction of such concrete Qoﬁld be around 1% by

weight.

The settling and initial stages of hardening in
concrete are accompanied by temperature rises. This is not
normally a problem as the heat generated is dissipated quite
readily, but in mass concrete structures of large dimensions,
e.g. dams and thick retaining walls, the heat cannot be
dispersed as quickly as it is generated., This often leads to
quite large temperature rises, producing thermal stresses and
dangers of cracking in fresh concrete., As the temperature
rise depends on the type and quantity of cement in the mix,

methods of control usually involve low heat cements.

P.f.ash assists this problem because it results in a
reduction of the total cement, and it has sometimes been found
that the depression in temperature rise is greater than

expected from the proportion of cement reduction.

A method of designing p.f.ash concretes24 was
produced to reuse the methods of Road Note 4 for normal concretes
which contains the logic necessary for a mix designer to adjust
the resulting trial mixes and which was versatile in

accommodating specification limits,
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From the point of view of concrete strength of
workability there appears to be no optimum quantity of p.f.ash
nor- an optimum value of (W/c)w. Economy will require the
highest permissible quantity of ash whereas a specification
or other considerations may limit the ash/cement ratio. Smith
works on the basis that if there is no information available
on the ash then the most reasonable value for cementing
efficiency is 0.25. The results of trial mixes will show the

actual value for the ash.

A series of tests have been carried out on ashes to
discover what efficiency should be assumed in preliminary
design using an unknown ash and what the range of efficiencies

was likely to be.

Thus before a rational method of p.f.ash concrete
design could be found it was necessary to discover the effect
which the p.f;ash would have on the strength of concrete
containing it., As strength is linked with water content a
first series of tests was direcfed-at_discovering the effect of
p.f.ash on the "effective water/cement ratio" of the concrete.
This ratio is numerically equal to the water/cement ratio of a
cement concrete of the same strength, at the same age as the

p.f.ash-cement concrete under consideration.

3.3.5 CEMENTING EFFICIENCY.

To give some basis for the comparison for the test
results with known properties of the ashes used, each ash was

assumed to have a 'cementing efficiency' k such that a weight
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F of p.f.ash wou3d be equivalent to a weight kF of cement. Thus
for a concrete cornitaining weights W of water, c of cement and

F of ash the effective water/cement ratio is

(W/C)

(:ﬂd‘r [-r:—%mvey_]

In a series of tests carried out at the University of
Glasgow the Portland cement‘ranged in quality from ordinary to
rapid hardening, and the aggregate used was combined washed'
. 3w '1"- ay

sands and separate sizes of 3", 3", 3" and " crushed whinstone,

The absorption of the combined materials was negligible.

The first series of tests were intended to show whether
or not the factor k would be useful in measuring the effect of
the presence of p f.ash on the effective water/cement ratio

of a concrete.

To calculate the value of k fer each ash a control
line of strength agalnst water/cement ratlo was plotted from
the results of tests on control concretes contalnlng no ash.

The abscissae of these lines were effectlve water/cement ratlos.
The orxdinates of these lines are?the Road  Research Note 4
valu_e526 for strength,'each multiplied by a factor which makes
the curve the best fit to the points plotted for the'controi

concretes alone.

The strengths reached by concretes containing ash
were then used to find_the effective water/cement ratio of these
concretes against the control curve,' The factor k can then be

calculated using‘the effectiVe,water/eement ratio and the mix
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proportions using the relationship.

W/c)s = W 1
(W/c)s g [TI"f]

KF
€
Using a value of 0,25 for k the effective water/cement
ratio of each concrete has calculated from the above equation
and the value of (W/C)s used to find design strength on the

contrxol line.

Three apparently different ashes were used in this
series of tests and the details are given below. At the age
of 28 days k was found to be virtually unchanged from the
seven day value,

3.3.5 TABLE 11

Ash Source Specific Surfaces* Carbon k No.of
Percent : Mixes
Brunswick 4300 3.75 0.255 24
Hackney 5250 ' 9.14 0.264 13
Croydon 6050 14,75 0.266 10

* sq. cm/gm by an air permeability method.

A second series of tests was carried out to include
p.f.ashes with a wide range of properties and was intended to
test the validity of assumptions made in deriving a practical

method for use in the design of p.f.ash cement concretes.,

The results of the first series of tests showed that

a value of 0.25 for k might be a reasonable one on which to base




"a rule for the design of a p.f.ash concrete to reach a

desired strength.

To allow for the éffgct oflp.f.ash-on concrete .
workability it was found reasonable to assume that the worka-
bilities of a'p.f.ash concrete_and a normal concrete could be
the same if each hadlthe same volume ratio of cement sized
paxticles'to water, and the same volume ratio of cement sized
particles plus water to total aggregate. This does not hold'
true for normal fine powders but'is approximately true for
p.f.ash probably because of the spherical nature of the

particles.

3.3.6 THE DESIGN OF CONCRETE MIXES WITH P.F.ASH

The basis of the design method is set out below24.

A choice must initially be made of the orthodox
concretes, The final p.f.ash concrete will be designed to
reproduce the strength of one of these and the workability

characteristics of the other,

3.3.6,1 In the first concrete, strength comsiderations will

require a water/cement ratio of (W/c)s.

3.3.6,2 In the second concrete, workability considerations’
will require an aggregatefcement ratio of N when the water/
cement ratio is (W/c)w. It should be noted that the value
chosen for (W/c)w has an effect on fhe optimum quantity of ash
in the p.f.ash concrete. The ash quantity decreases with an

increasing value of (W/c)w.
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For this reason (W/e)w should .be as low as.possiblé. The suggéstéd
practical minimum value is 0.4 altfmugh the .désignér is free to choosé.any

value.

The p.f.ash concrete must have the same strength as the first
orthodox concrété. It will tfléréforé-ﬁavé f:hé s'amé valué of W/c)s.
3.3.6.2.A . (Wle)s =W i.e. We= (We)s (1 + (kKF/c) )
’ -C+kF } } . ) oo
~ = actual weight of water to.cement 'in p.f.
ash concrete.

For the workability, the p-f.ash concrete is to be désignéd to have the

same volume ratio as the .second orthedox concrete.

:In order to have equal volume ratios of water to cement and water

to cement plus ash.in the two concretes, then

3.3.6.2.B . (Wle)w = . W/e
-1+ (3.15 F/GC)

whéré 3.15 is takén as thé:,s;‘iecifiq gravity of .cement particles.and G is i:hé

specific gravity of ash particles.
.. Substituting.for W/c from equation 3.3.6.2.A. and rearranging
gives the opfimxm ratio of F/c to .be used :in the p.f.ash concrete.

- 3.3.6.2.C Fle = W/c)s-(W/c)W
. (3.15/G) (W/c)w-k (W/c)s
In ordér to havé équal volumé rafios of _a,gg:égai:é'.to.cénénf .mori:ar
and of aggrégatés fo p.f .ash.céméni: mortar ﬁhé aggregat‘e/déméni: rai:io of Ehe

p-f.ash concrete is givén by

Alc = N : y . . ,
' TRIS@IOY [1 +(3.15 F/CC) + (3.15 ch_)]
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but from equafioﬁ 3.3.6.2.B

1+ (3.15 F/GC) = _ W/c
ilc)w

- 3.3.6.2.D. i.e. .Ale = NW/c_
. (Wle)w

" 3.3.7 DESIGN PROCEDURE

The désign procedure .to .be followed :in the .design of a p.f.ash
) concrefé is .set out.bélow;_wéight ratios withouﬁ subscripts are fﬁose

.pertaining to the p.f.ash concrete. .

3.3.7.1 .Select (Wle)s, the water /cement ratio of an orthodox concrete

of'tﬁéAréquiréd stréngthu '

- 3.3.7.2. From a knowledge of Ehé aggregate characteristics .and .behaviour
decide the aggrégaté/cément ratio, N, which :in a normal concrété
of wafér/cémént ratio (W/c)w would givé tﬁe.réquitéd.dégréé of

workability.

' 3.3.7.3 Calculate the optimum ratio of p.f.ash.to.cémént:invthé p.f.ash
concrete

Fle = .  (We)s - (Welw
- (3.15/G) (W/c)w - k (We)s

For most ashés the spécific gravitiés lie between 1.9 and 2.3 it
is suggésted that G.be taken as 2.1. Using this value and-éaking (W/c)w
as 0.4 and k as 0.25 the opt imum ratio becomes

Fle = . (We)s - 0.4 .
0.6 - 0.25 (W/c)s
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" 3.3.7.4 Calculaté W/e = (W/e)s.(1.+ 0.25 F/C)

3.3.7.5 Calculate for the p.f'.a'sﬁ concrete

Ale = N W/e
' _ "(W7,c$w

If (W/c)w is takén as 0.4 thén

AlC = N u/C
0.4

where N is the aggregate/cement ratio of a normal concrete of

water /cement ratio of 0.4.

3.3.7.6 The p.f.ash concrete mix proportions are thus

Water: p.f.ash:_;pénént: _a_ggrégaté_ = W/C: F/C: 1: A/C

This .mt;.t':l-}od of .désign approachés.closély t_:hé convénfinnal .métﬁods
of ortﬁodox.concrété-.désign.and .oniy fhé valués of k appéar fo .l;e in doubf.'
M.H.Miles of the.Scientific .Services .Déparﬁnéné, S .’W.R’égion C.E.G.B.
had carried out .an extensive work using this .mei—:l.lod of désign but could
not.: confirmn thé ,général.consfancy of k-\'ralut::s for ages up.::o 56 days.

Table 12 shows a significané .increase between 3 .and 28 -days

valués.for k. o
3.3.7.6. ° TABLE.(12)

VALUE'S OF k .FOR .THREE AND TWENTY EIGHT .DAYS

Samplé ‘Drakelow 'C' Hams Hall C Higﬁ Marnham
Number "3 28 "3 28 "3 28
1 - 0.22 0.63 0.23 0.66 0.28 0.78
4 0.17 0.11 0.28 |. 0.52 0.25 0.28
6 0.17 | 0.48 0.19 0.51 0.27 0.52
7 . 0.24 0.26 . 0.23 0.44 0.14 0.41
Mean . 0.19 | 0.40 0.24 | 0.50 0.22 | 0.45
overall mean k. ' 3 days. 0.22

" - " " 28 days . 0.45



This 'increase in k is to .be.expected if the 'cementing efficiéncyi
'in:any way .reflects.pozzolanic .activity. The latter is.genérally.aCCepted
as develdping slowly at first .in p.f.ash concretes but is appreciable :in

sané casés.béforé'zs days.
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4. 'MATERIALS USED 'IN.LABORATORY.WORK

" The materials used during.;ﬁe‘main-par£Sfof.fﬁé'éxpé;ﬁménéal
work.féllrinio fﬁréé groups:
4.1. P.F.Ashes
4.2 . Polyvinyl,Acétafé'Emulsions
4.3 Coaléscing Agénés

and these are described in éﬁé.following.secéions.

4.1 P.F.ASHES
. One source of ash was used for fhé-mainAsécﬁiéns of thé.réporf :

and this was the High Marnham Power Station.

Lying sane.tén miles west of Lincoln, High Marnham is.jusé:insidé
the easterly boundary of Nottinghamshire and lies.on the banks of the River
Trént.' Coal is supplied 5y the North th£5'Aréa of tﬁe National Coal . Board

and is transported by train.
{

The station is about eight .years old :and can .be regarded as a
modérn.coal fired power sﬁation.unlike the otﬁér fwo sourcés of p.f.aéﬁ

used in.Sections 6.1 and 6.8 of the 1aborafory work.’

The two other suppliés of ésh came ‘fram North Tees 'B' station
and the ICI Power Station.at Billingﬁam.i'Boéﬁ of fﬁésé staﬁions-aré in'
the South of Durﬁaﬁ Counﬁy'wigﬁvtﬁe latter stafion,béing fﬁé.oldésé.and
.oﬁviously Eﬁé.léasé efficient - judging'ﬁy ﬁﬁé.camﬁustiblé-maﬁfér.contén£
of éﬁé fﬁréé ashés. |

Tablé'13 camparés the sieve analysés:and Table 14 fhé'pﬁysical

characteristics of samplés ﬁakén'fram the three ashes used .in the final -
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4.1 . TABLE. .(13)

SIEVE ANALYSES OF THREE P.F.ASHES

‘PERCENTAGES PASSING

B.S.SIEVE SIZE |  4.oh Marpham |. North Tees ICI Billingham
. 52 100.0 . 100.0 ©.100.0
72 . 99.94 . 98.4 97.8
120 99.19 ' 86.5  90.6
240 95.09 62.7 72.0
" 300 '93.39 55.4 67.5

4.1. .:ABLEI- (14)

'PHYSICAL CHARACTERISTICS OF THREE P.F.ASHES

CHARACTERISTICS HIGH MARNHAM |  NORTH TEES ICI BILLINGHAM
‘COMBUSTIBLE MATTER 1.0% 5.52 16.13
SPECIFIC GRAVITY 2.36 2.09 © 2.05
SPECIFIC SURFACE |

Gn's/cm? 6050 6550 6330

The emphasis of modern power stations is :on the efficiency of

combustion and .so the trend is towards the production of a fimer ash with

a.consequently.lower conbustible matter content. This is.because a greater

burning efficiency, for a minimum.period in the combustion chamber, is

achieved by .obtaining the maximum surface area .per :unit .weight of fuel.

ﬁmprovéd met hods of grinding or.pulvérising the coal have

.résulted:in improved burning efficiency .and if is probably now possiblé to

gauge the approximate age of the station by .an inspection of the ash

produced.




4.2 .EQLYVINYL ACETATE EMULSION

Polyvinyl,Acétaté'Emulsions aré dispérsiogs of ﬁinély dividéd
parficlés of polyvinyl;acééaﬁé-(PVA)-in water. Thé.térm "émqlsion"
wﬁich.normally.référs.fq a diSpérsipn of.one liquid:in:anotﬁér, is
' tﬁéréforé incorréctly-appliéd béc;usé fﬁé,parficlés of .PVA aré.in a

_semi-solid state.

The.designation."latex",isfsometimes used .in describing 'PVA
emulsion sincé they bear a superficial resemblance :to the aqueous

dispersions of natural .and synthetic.rubbers.

However, .on.account of its wide acceptance, the term "emulsion"

-ﬂas beén adopféd.

.PVA is made from-vinyl.aCetaté; a.colourless .volatile liquid
which is.usually obtained either by.:eacting.acetylgneﬂwith:écétic.acid,

or.acétaldéﬁydé wiéﬁ.acéﬁic.énhydridé.

: Vinyl.Acéfaté,.CH2_=.CﬁOCOCHs,.coﬁtains the unsaturated vinyl

_ group,‘CH2 = CH - whicﬁlréndérs it ﬁighly.;éactivé:and'capable of combining
with'ifsélf:or oéhér vinyl compounds. Wﬁén in.tﬁé form of singlé molécules,
vinyl.acétaté is referred.to as a monomér; cqmﬁinatiohs of two or three
moléculéS'aré.known as dimérs or frﬁmérs.réSpecfivély,.wﬁilé tﬁe.térm
-pol&mér.dénotés a macfomolécule é.g.-pelyvinyl.acetafé; wﬁicﬁ is compogéd
of many.monomér uniés.ﬁondédhfogéfﬁér.

CH,= CH Polymerisatioh ... CH,=CH-CH,-CH-CH,~CH ...

y I 2 2
[| —— T
OCOCH3 . OCOCH3. OCOGH3 OCOCH3
Vinyl Acetate : Polyvinyl Acetate
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The monomer .to polymer transformation is .known as a
polymarisation.and can.occur.to different .degrees, thus .leading

to the concept of degree of polymerisation.

Vinyl.acetate and most other vinyl monomers.polymerise
to.form chain—like-maqromolecules; as the.number of linked
monomer upits grows, .so the molecular .weight .increases .and a

gradual transition.occurs from the liquid to the solid state.

Since .PVA is obtained by ﬁﬁé.pol,ymérisatioﬁ of :only
.one monomer .ie _vinyl acetate , it is.classed as a ﬁanopolymér. ’
Two différénf .monan_érs may .bé polymg-a,riséd .togc-aéﬁer- wﬁen tﬁé'y .
. éitﬁér form fwo .séparaﬁé:hanopolymérs, a.copolym_ér, or a
mixture of all three . A.copolymér contains .répéating units’ of
'botfr monunérs arrangéd éitﬁér at random or in.définité séquencé; :
it is important to.nbt-é.fﬁat :i.t;S' physical.and'chénical
' cﬁaractérisfics may d:i.'ffér wid_ély'frm tﬁo'sé of a mi:':lzuré of i:hé

corresponding .ﬁa’nopolymers o

The f:asic .réason for not using-syntﬁéﬁic .rés'ins in the
stabilising of p.f. ashes has been ;:he'.alkalinity' of ashes as -

s.-ynthét ic .résins .f.‘c-and .to break down under hydrolysis in.an

alkaline :enviromment .

4.2.1  'RECENT mpg_ovE__MEN'r OF 'PVA

This flas .béén so until a most '.rt.ecént .dévélb_pm_ént in thé'
paint :industry led to the prbduction of a .PVA that resists -
alkaliné hydrolysis, dué to thé pr»éséncé of :an additive c_:alléd
"Veo-Va 911". . Veo-Va .91l is a vinyl_éstér of a mixture of sym;hé.t;.ic

saturated tertiary carboxylic acids containing 9-11 carbon atoms.
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This éstér is.véry.resistant fovalkaliné hydrolysis and when
copolymerised with vinyl.acetate it gfeatly.reduces the hydrolysis

of the acetate groups.

Tﬁé PVA finally.sélectéd.for tﬁis work was producéd By
thé Pontyclua Cﬁémical.Cumpany Ltd. and.référréd to as Pontyclun

459 (P 459).

Pontyclun 459 is intérnally plasticiséd Eo thé équivalént
of 10% dibufyl pﬁfﬁalaﬁe:on toéal solids,.and.in.cértain applications
additional.plasficisation with dibutyl phéﬁalaté may.bé nécéssary
while tﬁé use of a coaléscing»agénﬁsténsures good film coaléscéncé

under adverse conditions.

P459 is a colliod-free vinyl acetate.terpolymér émulsion
containing the .Veo-Va 911 previously discussed .and has a total solids

content of 557 with a pH value of 4.5 — 6.5. -

It was possiblé f0‘carry gut-fﬁé éxpérﬁnénﬁs written up
in tﬁé.fbllawing pagés as the Ponfyclun Cﬁémical.Company-Lﬁdtundértook
to:supplyuall.thé P459 réquiréd,.along with a.lot of téchnical-
assistance. . Botﬁ thé matérial and.téchnical assistancé were most

gratéfully.récéivéd.

4.3 .COALESCING AGENTS

The two coalescing agents .investigated were Hexylene

Glycol and Bufyl Dioxitol Acetate.

4.3.1 HEXYLENE GLYCOL

Héxyléné Glycol is a colourléss modéraﬁély ﬁyg;oscopic,

diﬁydric alcohol of mild, sweetish odour.
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. Outstanding among its- propértiés,' which are similar
to those of .low molecular .wéigfrt .glycols, is its éxcéptional
solvent .powér for a wide rangé of materials. . .Héxyléné Glycol
is arélativély.lqn_g cﬁain compound which is.compatiblé with
.alipﬁat'ic aM'umat'ic-ﬁydrocarBoﬁs . Tﬂé pi‘:éséncé of thé two
hydroxyl groups  in the molecule .results in misc ibility with

polar substancés such as water, fatty acids and the lowér.alcohols.

4.3.2 . BUTYL DIOXITOL ACETATE

. Butyl .Dioxit-ol Acétaté'is a solvent for .céllulosé
nitraté,éstér, gum, polyvinyl.acétaté homo and‘Co-polymérs;
solublc;_ vinyl. co.—polymérs, polyésﬁér résins uséd Ain polyureéﬁané
coatings .and .somé' alkyds. 1Its pr—iméry usé is as a.coaléscing
agént ..in.décorativé emulsion paints, particularly polyvinyl
acétaté.and.acrylaté copol'ymérs, whéré tﬁé addi.-fion of approx.
12 wéight of .solvent to the total .weigﬁt of the paint is
.récanméndéd by .résin mapufacfurérs. : As a slow.évaporat:i,ng solvém:
. Butyl Diox_itol.Acétaté' is.also uséfulv.in.cértain'prinfing .units aéld
"high bake" .enamels and .in Spécialiséd film coating emulsion

formulations.

4.3.3 - USE .IN LABORATORY WORK

After initial experiments with.both agents it was possible.

to eliminate Butyl Dioxitol Acetate. . However .Héxylené.Glycpl was
used éxténsivély:and succéssfully t_:ﬂrough the .second parf of the’

.series of experiments that are.recorded :in.section 6.
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5.1 . OUTLINE OF .INVESTIGATION

:In order to gain some'experience with p.f. ash a brief
look was taken at .one of the tried uses of this material. .Cement -
.replacement :in.concrete mixes provided the most suitable application

and this. formed the first part of the.invésfigation.

The largest part of the work carried.out :in the laboratory

was .on i:hé stabilising éffécts of polyv;'.nyl,-acc;.il:ai:'é' énulsion - PVA -
on p.f. ashés, following tﬁé .récénﬁ improvénénts'madé wit;.h"..PVA

out Iinéd ‘in .sécfion '4.2 o1l

The éarly stagés of the staf:ilisééion:invéstigation
concéntratéd.on obtaining maximum campaction of thé asﬁ samplés
with varying .pc;.rcént'agés of PVA, .and thé cylindérs .wéré'tréatéd
in a number of ways ‘before .béing. suﬁjéctéd.to .unconfined canpréssion

tests.

Thé .téndéncy of thé firsﬁ_ groups of .résults shoWéd fﬁat :
tﬁé.ovén curéd'samplés gavé higﬁér.compréssivé stréngfﬁs' tﬁah.tﬁé'
samplés éforéd ‘in polythéné bags, .and .so it was décidéd ﬁﬁat a
study should .bé madé of thé maéérial'producéd af -optimum .tﬁoisfuré.

content and cured in a drying.oven.

Variations of additive.percentages.-at maximum-compaction
were imvestigated with fixed periods of .oven.cure; this led to
variations of .oven cure with variations of pretreatment of the

samples prior .to.cure.

Two .coalescing agents .were used .to .reduce the amounts
of PVA at the optimum conditions,.and finally a comparison of the
material was made using samples prepared from three grades of

p. £. "ash mixed under Specifiéd conditions. |
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6.1 .P.F. ASH IN CONCRETE

Thé largest parf. of t_:hé laboratory work was spént Ain
attempf.ing.to find a different approach.;:o p.f. ash s;:abilisation, :
but a brief .look was taken at :ore of the ‘known uges of p-£. ash

to fain.same. experience with the material .under .consideration.

Cement .replacement was taken as the .Best .metfxod of
starting the project .and the first part of section 6.deals with

this asPécé of the work.

The basic concrete mix was as.follows :

3" Concrete Aggregate’ 1950 gns-

Concrété' Sand - ..1050 gms-
Cénént 750 gms
Water 7 337.5 c.c
. A/C ratio 4-1
W/C ratio 0.45

.and . blue circle .'fér.rocreté' was used thrqugl-aout'avﬁhis-.sériés of

tests.

.Further it was decided that rather than carry.out a series
of .cement .replacements it would .be better if a.few variations of

addmix could .bé u»séd .

The variations .were limited to the.addition of hydrated
lime and .to the mixing of a plasticiser in the water. . .Plaz was
chosen as the plasticizer :and ordinary hydrated lime was used, both

béing'.éxamplés of materials rc.aadily.,avail'ablé'frcm builders merchants.
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For ;:ﬁesé .tés;.s p.f. 'asﬁ was,coilécted, from Norfh .Téés
.and I.C.I. Billi_ng-fnam.l’owér Stations.and it had .béén.ﬁopéd that a
tﬁird samplc-Lcould.ﬁé colléct;.ed frad.Blyéti'é,.but; fﬁis was not '

pos siblé.

The size .analysis of Noftﬁ.Tées .and I.C.I. Billingham -
ash can be.seen.in Table 13 and Table 14,Séc£ion 4.1. The
lati:ér ash ﬁas a considéra_bly h1gher carf:on contc'ané than the

former.

.Détails of thé mix variations .and t;ﬁé'.référéncé
. mmbers have .been .recorded :in'Table -15.below :
6.1 TABLE - (15)

DETAILS OF MIXES

ash .wéigﬁt of hydratéd 1imé.
T31~T34 207% réplgcémént of .cénént by p.f.ash + 5

parts .per 1,000 of Plaz .in watér.

ash weight of hydrated lime.
T51-T54 ° 50% .réplacénént of .cement byo.f.asﬁ + 10%

ash weight of hydrated lime.

Cube Ref. Details of Variafions ‘to-Basic Mix
T1-T2 . Basic Mix

T11-T14 20Z replacement of .cénént by p.f.ash
T21-T24 207 .replacénént of .cement by p.f.ash +.10%7 .

T41-T44 402 réplacénent of .cement by p.f.asﬁ +.10% .
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4" cubes were used throughout this series of
tests and the 28 day test results are given in Tables

16, 17 and 18 starting with the orthodox mix results.

6.1 TABLE (16)

DETAILS OF ORTHODOX CONCRETE MIX

Cube Ref. | Age at Test g:;ms Eggjiz¥ft. Load -C:zzgiggrenggh
' 1bs/in
T1 28 days 2717 161 57.0 8000
T2 no 2741 161 58.75 8240
6,1 TABLE (17)
DETAILS OF I1.C.I. ASH CONCRETE
Cube Ref. | Age at Test gzéms ?ggjiszt. Loadl- gz:zhézgengah
lbs/in“ |-
T11 28 days 2700 160 43,5 6100
T12 LS 2736 163 41.0 5750
T21 28 days. |2736 163 60 - 8430
T22 " 2733 | 163 59.5 8350
T31 28 days 2745 163 62.5 - 8750
T32 g 2757 164 63.5 8900
T41 28 days 2708 161 43.5 6100
T42 " 2691 160 46.0 6450
T51 28 days 2629 157 35.0 4900
T52 L 2689 160 34,0 4770
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- 6.1, 'TABpE.(IS);

‘DETAILS OF .NORTH TEES ASH .CONCRET E

Cubé Ref Agé at .Tést W Dénsii;.y' ) Crushing
Grams | .1bs/cu.ft.| Load - Tonms  Strength 1bs/in
T13 " 28 days 2735 163 55.5 7800
T14 " 2678 | 160 | 54,75 7650
T23 - 28 days 2765 165 '63.5 8900
T24 " 2745 163 61.0 8550
T33 28 days 2758 164 64.5 9050
T34 " 2714 161 67.0 . 9400
T43 28 days 2726 163 55.0 7710
T44 " 2679 163 '53.5 7500 .
153 28 days- 2698 161 47.0 6600
T54 " 2715 161 50.0 . 7000
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: Polymér Stabilisation of .P.F.Ash

6.  Laboratory work

+ 6.2, .Investigation of Dry Demsity



6.2. .INVESIIGATION OF DRY DENSITY

The main pa;é .of fhe'.work-c':arried.dut win Ehé'laboratory was .on
invést'iga;ion of the stabilising effect of the.selected.polyvinyllacetaté
. emulsion.under varying conditions of .cure.and with the addition of

coalescing agents.

The p.f.ash used during this series of .tests came fram the High
Marnham Power St.af.ibn.and, as a.mmﬁér of différénf samplés.wéré uséd,
it was.énsuréd that each group of .fésts:wéré carriéd.out witﬁ'.ash'fran '
.individual samplés. 'Ca'npliancé was also made with the .résfrictions of

B.S.1377. 1967 as outlined in 3.2.1. -

The ash was :initially regarded as a.cohesive .soil and a standard
method of testing was used to.detemine the maximum compaction at optimum
moisture.content. The dry .dénsiti'e_s .were canpared using differing

.percéntagés of the emulsion.

Th; .té'st uséd tﬁroughout-this work was baséd .on tﬁé‘ si;.andard Proctor l
.Tést, ‘and ‘the main di fferences were that a2 inch diameter .and 3 .inch .déép
mould was uséd with campaction .béing carried out using a 4 inch diameter bar
18 .inchés long. Thé ash was canpactéd in Eﬁréé équal 1ayé_rsand éach layér
récei.véd .30 blows with the mild siéél.rod as rammér. A blow was.définéd
as one tamp with the mild steel bar "droppéd"-f.rcm about three inchés
above the layér with a small amount of force .béif:g used to assist .campaction
of the sam_plé. The mould was filled with asﬁ.as.déscribéd -above and, after

canpaction, was caréfully struck off level with the top of the mould.

Thé Proctor Test was modified :in this way to try .and make most use of
the amounts of p.f.ash that could .be conveniently transported, and, whereas

it might not exactly correspond to Proctor Test .results, it was carefully
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maintained as a standard.form of testing.

Throughout - these .series of .tests the moisture content has .been

det ermined considering the total moisture as the amount of water .and’

polyvinyl .acetate emulsion, with the moisture .contents and emulsion

dilutions being. expressed as .percentages. Emulsion dilutions are expressed

as a .percentage of the .total moisture.

Dry densities were calculated according.to the formulae:-

6.2.A ¥ =
6.2.B ¥» =
Whéré b-1 '

¥>

W .

v

W
\'J
W = ¥
\'J -1+m’

Bulk .Dénsity

Dry .Dénsity-
Total.WéigH: of samplé.
Volumé of sample

Moisture content -

Using équations- 6.2.A.and 6.2.B for thé .ﬁoisfuré.conténfs of .15% .and .30%

in table.20.

15% -
¥ =
XD =
307 -
¥ =
X =

.100
155.5

1.215 gms/cc

1.215

. -1+0.15

1.06 gms/cc . (661bs/cu.ft)

234

 155.5

1.505 gms/cc

1.16 gms/cc. (72 .1bs/cu.£t)
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P59
%

10
10
10
10
10
10
10

REF NO.

200
201
202

203
204
205

206
207

208
209
210

211
212

213
214
215

216
217

BEHBLBG *X

P459
%

10
10
10

10
10
10

10

10
10
10

10
10

10
10
10

10
10

6.2 TABIE. 19
DETATLS OF MIXES
P.F.ASH WATER: & P459

Gms ce

1000 150

1000. 200:

1000: 250

4000 300

1000 350

1000; 4oo

1000 500

6.2 TABLE 20

DETAILS OF SAMPLES.
M/C. WET WT D.D.
% Gms Gms/cc
15 188 1.05
15 190 1.07
15 189 1.06
2 207 1.11
20 200: 1.07
20 205 1. 10.
a5 220 113
25 216 1.11
30 234 1.16
30 228 113
30 235 T 1.16
35 233 1.11
35 232 1.11
1] 236 1.09
Lo 237 1.09
4o 2b2 1.1
50 245 1.05
50 2o 1.03

WATER
ce

135
180

225
270
315

k50

P459

(+]H]
15
20
35
50
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The early :and .mofé detailed :invest iga;tion of Maximum Dry Déns-it'y
was carriéd.out-wit;_h',l'ozZPVA,concé‘tﬁraf:ion ‘and tﬁé.résults are shown .on
Grapfz No.II. .Tﬁé.flat charact':éris;.ic of the grapﬁ- drawn .indicating zero
dry .dénsiﬁy-:doés not show upthe maximum ‘Dry .Dénsity'.to .Bést advantagé,
but if the ra,ngé 1.0 to 1.2 gms/cc is.plot-i;.éd against moisture content -

there is a detectable high point at .30% moisture content.

_ Graph No.II was taken as a.guide.to the:stibsequent imvestigations
of Dry Density and :only those moisture contents.close.to optimum .were

.investigatéd.for -10%Z, .20%Z, :and 30% concentrations of enulsion.

.Résultsr'from these three énulsion.concéntratiéns .wéré.plottéd '
on Graph. No.III and again t:h'é.curvés havé tﬁé rathér flat nat;.urt-a;
howévér, it was.possiblé.tiozséléct the oét.imtm-moisfuré conténts; The
.incréasé ‘in moisture conténfs at maximum Dry .Dénsity' was.notéd as thé

concentrations of PVA .were raised.

From these early:indications it was .decided to investigate
the unconfined compressive strength of samples prepared at optimum moisture
content,.and a.series of test samples were prepared for three enulsion

concentrations with the moisture.content values taken from Graph No.III.
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6.2 TABLE 21

DETAILS OF 10% MIXES

5459 g/c. P.F.ASH  VATER & P459  WATER  P459

% Gms ce cc cec

10 15 600 .90 81 9

10 20 600 120 108 12

10 223 600 135 121.5 13.5

10 25 600 150 135 15

10 30 600 180 162 - 18
6.2 TABLE 22

DETAILS OF 10% SAMPLES

REF NO P459 M/C WET WT D.D.
' %

% Gms Gms/cc
401 0 15 237 1.33
Lo2 10 15 236 1.33
4o3 10 15 236 1.33
Lol 10 20 271 1.45
Lo5 10 20 268 1.45
Lo6 10 20 269 1.45
407 10 223 278 1.46
408 10 ggi 277 1.46
Lo9 10 276 1.46
k10 10 25 277 1.43
411 10 25 277 1.43
412 10 25 276 1.43
413 10 25 277 1.43
L1y 10 25 277 1.43
415 10 25 276 1.43




6.2 TABLE 2

DETAILS OF 20% MIXES

P459 M/C P.F.ASH WATER & P4S9
% % Gms cc
20 20 600 120
20 25 600 150
20 30 600 180
20 35 600 210
20 Lo 600 240
6.2 TABLE 24
DETAILS OF 20% SAMPLES
REF NO.  P459 M/C WET WT D.D..
% %. Gms Gms/cc:
416 20 20 253 1.35
417 20 20 253 1.35
418 20 20 251 1.34
419 20 25 267 1.37
420 20 25 265 1.37
421 20 25 270 1.38
422 20 30 269 1.33
423 20 30 268 1.33
424 20 30 267 1.32
425 20 Lo 253 . 1.16
426 20 Lo 252 . 1.16
427 20 4o 254 1.16

WATER
cec

120
i
168 -
192

84.




P459
%.

30

REF NO

428
k29
k30

431
433

b3k
435
436

M/C

20
25

P459
%.

30
30
30

388

6.2 TABLE 25
DETAILS OF 30% MIXES
P.F.ASH WATER & P459
Gms : cc
600 120
600 150
600 180

6.2 TABLE 26

DETAILS OF 30%. SAMPLES

M/C
%.

20
20
20

25
25
a5

30
30
30

WET WT.
Gms

258
257
258

| 269

267
266

258
257
258

D.D.

Gms/cc

1.38
1.38
1.38

1.%
1.‘*4
1.44

1.33
1.33

WATER -

cc

105
126

P459
cc

36

8.
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Polymér Stabilisation of P.S.Ash

6. Laborat ory .work.

6.3. Sa:nplés.curéd .in.polyﬂiéné. Bags; '



6.3 - SAMPLES STORED IN.POLYTHENE BAGS

. Opt:.immn-.Mo'i.-vsi;.ure.cont'enl:s-.for .10%, .20% :and .30% .PVA concentrations
.were taken from Graph II and used to:investigate the unconfined.compression

strengths -of ;:h'e samples .

Tﬁi.s group of -_samples .were.st;.ored for varying :periods in sealed

.polyth'ene bags :in a.further attempt .to.follow the .tests carried out .on soils.

.All .compression tests were carried out as .unconfined compression
tests .and were either carried out on the .10 ton Denison or .in the :unconfined

.compression test machine.

Table 27 details the three mixes used and ‘tables 28, .29 .and .30

give the wet .weights and compressive stresses at the noted :intervals.

‘Graph IV summarises results of the crushing tests at 3 days,

28 days .and 3 months, .and marks an important stage of the work.

It ﬁas.been.hoped that .canpressive strengchs of the p.f.asﬁ
samples treated :in this way would. at .'least ccmpare- witfr tﬁe minimum- -
.requirenem: of -250.1‘t>'s/i.n2 for .soil .cenem:,'.buf-- the sﬁrengths obtained

.fell.quife' a.long way ._belc_:w this value.

Tﬁe shape of the samp‘les was possibly not tﬁe most advam:ageous
from the strength aSpect but .any .resulti_ng "_imprdvenent factor would show
no great .benefit to tﬁe str'ength' value.s. |

.DeSpit-'e tﬁis.low value of strength it must .be n_o;.ed that there
was a.minimal':increase ‘in st:rengtfr from the 3 day ﬁd' 3.montfn tests. This
was important .because, .altﬁough t'ﬁe..period-cannpt be .regarded' as a long

.one, tﬁe-damp conditions of the .sealed polyéﬁene Bags did .not result .in the

- 87.




PVA- bréakihg .down .under .alkaline -ﬁyd:_:olysis. '

I was thus decided that :an :invesf;i.gation of .oven drying should
.be carried out as an.alternative.form of .curing, :and section 6.4 deals

with thé.ovén.cured.- samplés.

88.



P459

10.
20
30

REF NO

437
438
k39
k4o

by
42
b43
LY T

k45
L6
k7
448

M/C.

20
25
25

6.

DETAILS OF MIXES.

TABLE

WATER

cec

180
200
175

P459
%

10

20

TEST WT I0AD

P.F.ASH WATER & Pi59

Gms cc

1000. 200

1000 250

1000 250
6.3 TABLE 28

DETAILS. OF SAMPLES FOR 3 DAY TEST

M/C WET WT
% Gms Gms
20 274 274
20 274 271
20 272 271
20 266 265
25 266 266
25 268 268
25 268 266
25 268 268
25 266 265
25 265 265
25 265 266
25 26k 264

Tons

P459

cec

20
25
75

STRESS
1bs/i

17.8
18.2
13.6
12.9

28.0
25.2
26.0
22.6

29.6
30.8
30.0
22.6
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REF NO

449
450
451
452

453
453
454
455

456
457
458
459

REF

460
461
462
463

464
465
466
467

468
469
470
471

NO

P459
%

10

20

30

P459
%

10

30

6.3 TABLE 29

DETAILS OF SAMPLES

"FOR 1 MONTH TEST

M/C
%

20
20
20
20

25
25
25
25

25
25
25
25

WET WT
Gms

263
262
262
260

272
273
272
273

268
266
264
266

6.3 TABLE 30

TEST WT
Gms

259

- 260

259
257

265
268
267
267

265
264
260
262

DETAILS OF SAMPLES
FOR 3 MONTH TEST

M/C
%

20
20
20
20

25
25
25
25

25
25
25
25

WET WT
Gms

266
261
265
260

270
270
271
271

268
267
267
265

TEST WT
Gms

255
251
254
250.

258
259
259
260

257
256
256
256

LOAD
Tons

LOAD
Tons

0,028
0.032
0.022
0.030

0.055
0.061
0.061
0.064

0.058
0,050
0.055
0.052

STRESS

“1bs/in

9.0
13
14
12

41
40

.+ 40

42

37
30
34
31

STRESS,
lbs/in
20

23

16

21

39
43
43
46

41
36
39
37

90
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Polymér Stabilisation of P.F.Ash

6. Laboratory work.

6.4 Prélﬁninary.ovén cure.



6.4 . OVEN DRYING
The .indications of Graph .1V were .génerally :encouraging déSpité
the low stréngth's ’récoi:ded .and so thé .néxl: stagé was to try and improve .on

this aspéct of the samplés_.

The mamufacturers of P.459 suggéstéd that Sc:mé form of heat
tréatmént .on thé samplés at thé curing stagé would bé advantagéous. Thus
Section 6.4 takes a brief look at the effects of a .pér:i.od of .oven cure
using a typical matérials drying.ovén .régu'l-atéd to a ténpératuré of .105°¢

t5.°c.

There was no :indication of the .léngth of time:in the dryipg oven
and so it was décided- t hat thé standard for thé .initial .sériés would .bé

24 hours.

Table 31 details the mixés used ‘in this section and Table' 32
givés particulars of the samplés. The dry wéigfms.récordéd were the
.wéights of the samp’lés as‘t'héy were taken. out of the ovén, but it was notéd
that when samplt;.s were stored for some timé, before the cunpré'ssi-on test
was carr_iéd out, t.hé dry wéightsvwéré chéckéd prior to tést .and .wéré- found

to agréé .générally to better than.1%..

The compression tests .were all carried out on the 10 ton Denison
as the strengths were above the range of the .unconfined compression test -

machine.

The £inish of the samplés was genérally- good although the 20%
samples had quité a number of surface cracks. Theése cracks appéared to.be
restricted to the surface of the samples and were only slightly :in evidence

on the 30% samplés.
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P459
%

10
20

4o
50

REF NO

501
502
503
S0k

505
506
507
508

509
510
51
512

213
51
515
516

M/C
%.

20
25
25
2>
a5

6.4

TABLE

1

DETAILS OF MIXES

P.F.ASH  WATER & P459
Gms ce '
1000 - 200

1000 250

1000 250

11000 250

1000 250

6.4 TABLE 32

WATER
cc

180
200
175
150
125

DETATIS OF SAMPLES FOR 24 HOUR TEST

P459
%

20

4o

M/C:
9%

WET
Gms

261

WT

262 -

262

263

264
265
266
266
266
264

257
257

265
265
262
257

DRY WT
Gms

216"
217
217
218

221
224
223
az23

225
224
218
219

226
225
220
224

IOAD STRESS.:
Tons 1lbs/i

0.622 43
0.622 43
0.566 L4OA4
NOT TESTED

0.812 578
0.768 548
0.872 623
NOT TESTED

P459
cc:

7>
100
125

2

0.790 543

0.70 500
0.654 466
NOT TESTED

0.965 690
0.996 710
NOT TESTED

93.




6.4 TABIE 33
DETAILS OF SAMPLES FOR 7 DAY TEST

REF NO P59 M/C. WET WI  DRY WT LOAD  STRESS,
% %. Gms ~ Gms Tons 1bs/in
517 20 25 265 220 0,569 406:
518 25 265 220 0.6l6 461
519 25 265 220  0.683 487
" 520 . 25 265 220 NOT TESTED
521 30 25 266 223 " 0.89% 638
522 - 25 265 222 0.878 626
523 25 266 223 0.913 650
524 25 264 220 NOT TESTED.
525 4o 25 266 225 0.689 490
526 25 266 226 0.572 4oy
527 25; 264 . 220 0.454 324
528 25; 259 223 NOT TESTED:
529 50 25 263 224 1.20 856
530 25 261 225 1.236 883
531 ' 25 259 222 0.916 653"

53e. 25 260 224 NOT. TESTED:
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. Graph V.ca_nparés thé compressive strengt—ﬁs of thé varying
.pércéntag_és of emulsion.and as might .bé.expect'éd there is a.général

.increase .in strength with greater.percentages of additive.

Thé .dépréssinn.on stréngth' valués at 40% énulsion is ratﬁér
difficult to éxplain. At first it would appéar ﬁo:bé related to somé
fault :in mixing or :in forming thé-.cyli-ndérs, buﬁ there was no apparénﬁ
différéncé in thé physical apééarancé of t-fn'.s group of samplés .and
it is .péculiar that th‘é éff-éct should .bé moré m-arkéd at thé.sévén day
test. It is possible that at 40% emulsion there was sqné form of
.inl:érféréncé.sét up in thé mix, .and it might .bé that at lowér émulsion
concentrat ions the solid PVA particlés have no effect on the lubricating
action of the 'water', and similarly above 40% ,-but .in th‘é.région of 407 .

enulsion the solid particles, might form some kind of hindrance to campaction.

Thé othér phasés of t_:hé graph .wéré good .in that tﬁé 7 day .
strengths .wéré a sligH: improvement on thé 1 day results and the téndéncy

was to.get increased stremgths with increased percentages of emulsion.

The graph would be éxpectéd.to rise at a gfé'atér rate above
50% énulsion but it was .déc:i.déd that .an upper limit would be .set at -

this .percént age additive.

T_ﬁé stréngth values.for this.series of around .600.11)"s/:|'.n2

showed. considerable improvénént on the earlier series of samplés used .in
polythéné bags, .and the surfacé Einish of thé-driéd'smplés was.also.good

.although the .20% samplés had surface. cracks.
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Polymér Stabilisation of P.F.Ash

6. Laboratory .work.

6.5 :Investigation of .cure.



6.5 .INVEST IGATION OF 'CURE

The 'impr.ovénent, .in strength results-using oven drying of
‘the samplés fléd't'a furthér :investigation of thé optimum conditions

for curing -thé- cylindrical sa:_nplés .

The :incréasés of str;ength madé it wortfr looking again at the
.10% rangé'.and this was followed with.10% increments up to.40% of P459;
Table 54 shows thé four mixés.uséd throughout cfu’.s .séction and for éach
mix thé Apériod of .oven curé was variéd ‘in thréé-. hourly im:érvals-'from

three to twenty four hours.

It was .hopéc_l that, by investigating the stréngt-h' of a given

mix by varying the .léngth of curé, _some'indications could .be .séén of

the way :in which the samplés gainéd a stréngth so that further improvement s

could .bé m-adé.

Ot.hé-r variations .wéré 'triéd in ordér to find thé .influéncé of
a period of air cur.é prior to putting the samples into thé drying .oven
and this .léd to Graph XIII wh_ic_:ﬁ:-indicatés thé raté' of loss of moisturé

fram the préparé& cylindérs.
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6+5 TABLE

DETATLS OF MIXES

% Gms ce
10 20 1000 200
20 20 © 1000 200
20 25 1000 250
ho 25 1000 250
6.5 TABLE

DETAILS OF 10% SAMPLES

REF NO OVEN TIME WET WI _DRY WT

Hrs Gms . Gms

645 3 26k 226 .
646 263 225
647 261 226
648 261 224
649 6 267 225 .
650 263 222
651 261 221
652 256 216
653 9 266 226
654 . 26k 22k
655 261 221
656 258 219
657 12 270 229
658 266 . 226
659 262 221
660 - 258 219
661 15 20 . 227
662 269 227
663 261 221
664 261 221
665 18 266 225
666 . 264 224
667 262 221
668 260 . 220
669 21 . 266 225
670 265 224
671 266 225
672 264 . 223
673 2k 267 225
674 267 225
675 - 263 221

676 260 219

P459 M/C  P.F.ASH  WATER & P459
p _

WATER P459
€C [+] ]
180 20
160 4o
175 - 75
150 100
IOAD STRESS:
Tons 1lbs/in
«092 65.6
«108 77.0
.078 55.6
.082 58.5
0122 87
.102 72.8
«106 75.6
074 52.8
29% 210
«258 188 .
.208 148
<142 101
.198 141
158 113
«128 91
212 297
32 228
- .188 134
009 64
«091 65
172 123
.182 130
152 108
.100 135
262 187
.208 148
L 7%
.188 134
182 130
.175 125
«158 1M1
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REF NO

677
678
679
680

681
682
683
684

685
686
687
680

689
690
691
692

693
694
695
696

697
698
699
700

701
702
703
704

705
706
707
708

6.5 TABLE 36

DETAILS OF 20% SAMPLES

OVEN TIME WET WT

HRS

3

12

15

18

21

24

GMS

263
262
256
287

263
260
250
253

258
256
255
250

257
259
255
257

264
261
250
255

264
256
259
255

264
264
260
256

263
256
256
254

DRY WT
GMS

226
225
220
221

226
223
222
217

223
221
219
214

220
221
218
221

226
224
221
218

225
219
222
218

225
225
222
219

226
220
219
218

LOAD
TONS

«192
176
«092
.112

«332
«340
«396
218

« 160
«158
«127
072

«344
«325
« 265
368

«207
«202
«178
. 144

«296
«174
«278
«212

« 380
«300
324
.198

«402
278
«272
«288

STRESS
1bs/in

137

127
65.5
84

237
243
283
156

114

113
91
51.4

246
232
189
262

147
144
127
103

211
124
198
151

271
214
231
141

287
198
194
206

2.

100.
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REF NO

709
710
711
712

713
714
715
716

717
718
719
720

721
722
723
724

725
726
727
728

729
730
731
732

733
734
735
736 .

737
738
739
740

6.5 TABLE 37

DETAILS OF 30% SAMPLES

OVEN TIME
Hrs.

3

12

15

18

21

24

WET WT
Gms

258
259
258
258

263
264
264
263

262
262
261
262

258
258
257
256

258
258
259
259

261
260
260
257

264
263
263
262

263
264
263
261

DRY WT

Gms Tons 1lbs/in
217 « 804 573
217 «872 622
215 « 786 562
216 NOT TESTED
220 .682 487
220 «622 444
221 «658 470
220 NOT TESTED
219 1,212 865
220 1.140 813
219 1.160 828
220 NOT TESTED
216 1,610 1150
216 1,562 1112
215 1.613 1150
215 NOT TESTED
215 1,346 058
216 1.302 930
217 1,363 967
217 NOT TESTED
219 1,003 716
219 «972 693
218 «912 650
215 NOT TESTED
221 «938 667
221 <944 673
221 1.08 770
220 NOT TESTED
220 1,192 850
220 1,238 882
220 1,252 894
218 NOT TESTED
T
-.‘(L\'\\t (; ¥ Bl\‘ﬂo :

LOAD STRESS

2
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REF NO.

741
742
743
744

745
746
747
748

749
750
751
752

753
754
755
756

757
758
759
760

761
762
763
764

765
766
767
768

769
770
771
772

6.5 TABLE 38

DETAILS OF 40% SAMPLES

OVEN TIME
Hrs.

3

12

15

is8

21

24

WET WT
Gms

258
255
253
251

262
262
261
260

261
258
258
256

258
258
255
252

257
257
255
254

261
262
260
260

261
262
261
258

263

263
262
258

DRY WT
Gns

219
216
215
214

223
223
222
218

222
219
219
218

219
218
216
214

217
216
215
214

221
221
219
219

221
223
222
219

223
223
223
219

LOAD STRESS
Tons ' 1lbs/in

1.18 840

«962 686
«804 574
NOT TESTED
725 517
«735 524
«715 508
NOT TESTED
1,265 900
1.180 840
1.180 840
-NOT TESTED
1.25 890
1,18 840
«958 684
NOT TESTED
1,59 1130
1,51 1075
1,525 1090
NOT TESTED
1,315 937
1,33 950
1,25 890
NOT TESTED
1,215 865
1.42 1010
1.30 926
NOT TESTED
1.08 770 -
1.16 825
1.12 800
NOT TESTED
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Grapﬁ_s..VI.tonD{ are,plo;,s of fhe compréssive strengths for
the givén mixes with the .périod of .oven.cure .being varied with 3 flourly

.increments.

Thé graphs fall :into two disﬁinct groups. with thé first two
showing gradual improvéments up to the total 24 hour .oven cure. In
both cases the mixes had achieved about 90-95% of the 24 hour cure

str‘éngth at 12 hour.

The 30% .and .40% emulsion samplés gavé a better .indication of
thé éffécts of drying with a maximum stréngfh .béing achiévéd with about -
12 hours of oven curé. This .séco'nd group of results were m_ort;_ .ini:érésting
as th‘é str'éngl:ﬁ droppéd off slightly with.pér:i.ods of curé gréatér than

12 hours.

Thé lattér point was particularly notéd as it .seemed to :indicaté
that damagé.could be caused to the samples by .leaving thén for too long

under curing conditioms.

The .reasons for this depression of strength are not clear but
it is possiblé that the P459 gains stréngth when marginally moist .and that

aftér 12 hours .in thé.ovén thé samplés .bécuné canplétély'dry.

Whatévér th'é.réason for this éfféct it was décidéd that a .périod
of 12 hours .in thé.ovén would .be addéd to thé standard conditions for thé

following work.

The graphs gavé two rangés of stréngtﬁ' and so it was.decided
that the 20% to 30% enulsion x;angé should .be .i.nvéstigatéd with a 12 hour

period of oven. cure.

106.



805
806
807
808

809
810
811
812

813
814
815
816

817
818
819
820
821
822

823
824

825
826
827
828

NO

M/C
%

a5

25
25
25

P459
%

20

25

27.5

4o

6.5 TABLE 39

DETAILS OF MIXES

P.F.ASH WATER & P459
Gms cc

1000 250

1000 250

1000 250

1000 250

1000 250

1000 250

6.5 TABLE 40

DETAILS OF SAMPLES

M/C
%.

25
a5
25
25

a5
25
25
25

25
a5
25
25

25
a5
25
25

25
25
25
25

25
25
25
25

WET
Gms

253
254
250
252

259
260

257

a57

258
260
257
255

a57
257
256
253

252
254
a53
251

2k
26
2k3
2h3

WT

DRY WT
Gms -

213
213
209
21

215
215
213
213

214
216
214
211

215
215
214
212

212
213
212
211

206
208
205
205

WATER P45S9
cC [~ o]
200 50
193.75 56.25
187.5 62.5
181.25 68.75
175 75
150 100
LOAD  STRESS,
Tons 1lbs/i
112 80
«160 119
.108 77
«120 85
312 222
354 252
32k 231
284 202
Hlh2 456
Sh2 388
.Sk2 388
582 415
512 365
506 361
L3731
370 272
.360 257
570 408
380 271
432 308
312 223
278 198
236 168
264 187

107,
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6.5.1 PRE-CURE SECTION

It was possiblé that thc::.ovén drying was a rathér .sévéré form
of.curé for thésé particular samplés and a briéf look was takén at fwo
variations of pré-curé tréat:mént. 12 Hours .in thc;_ oven seemed to producé
good stréngth's and so it was decided that t;.ﬁis should follow the pré-curé

pér iod.

One mix was used and the first group of samplés ‘wéré.placéd in
polythéné bags for between 3 .and 11 hours with 2 hourly incrénénts. The
othér group of samplés .wéré stored in fhé laboratory at room températuré

for between 3 and 11 hours with the same .imré_nénts of time.

After the pre-cure treatments the samples .were subjected to 12

hours of drying to séé if th’ér‘é would.bé.any advantagé.

Oné curious éfféct with thé air dri',éd- samplés was that a colour
gradiém: appéaréd b,étwéén th‘é nommal gréy colour of thé 3 hour samplé.and

an almost whité sample following thé 11 hours of pré—curé.

This mix was also within the range where surface cracks were
noticeable .and the varying .intervals of pre-cure :influenced the amounts

of the cracks .in the dried specimens.

Where samples were stored in polythene bags the amount of surfacé

cracking -increased as thé.length of time in the bags .increased.

Similarly the air dried samplés of three hours duration showed only
slight cracking wheréas thé 11 hour ai.r.curéd samplés .wéré more noticéably

cr ackéd .

. Both of these effects were uniform through th'é rangé of samplés

but seemed to .rum against the trend of the strength cure.

108,




6.5 TABLE: 41

DETAILS OF MIX

P459 M/C P.F.ASH  WATER & P459 WATER  P459
. %, -

% Gms ce: cc ce:
20 20 1000 200. 160 40
6.5 TABLE 42

DETAILS. OF SAMPLES WITH 12 HOURS OF OVEN CURE AFTER
PRELIMINARY CURE IN POLYTHENE BAGS

REF NO PRELIM CURE WET WI INTER WF DRY WT LOAD

Hrs._ Gnms Gms Gms Tons
765 3 259 258 221 JLh2
766 258 257 221. .226
767 254 253 217 <384
768 249 2h9 214 216
769 5 256 254 219 .186
770 253 . 252 216 .180
771 248 248 213 .156
772 248 248 213 +160
773 7 254 254 218 .280
774 256 255 219 « 264
775 2l9 2h9 213 «182
776 249 248 213 222
777 9 264 263 225 «172
778 262 262 223 .256
779 256 255 218 194
780 254 253 21?7 215
781 11 262 262 225 .656
782 264 264 226 .688
783 257 256 220 522
784 256 255 219 .568

STRESS
1lbs/in

316
161
274
154

133
128
111
114

206
188.
130
158

123
183
139
153

468
b9z
373
4os

109.
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6.5 TABLE 43
DETAILS OF SAMPLES WITH 12 HOURS OF OVEN CURE AFTER PRELIM.
: AIR. CURE
REF NO PRELIM CURE WET WT. INTER WT DRY WT IOAD STRESS;,
Hrs. Gms Gms Gms Tons 1lbs/in
785 3 258 251 220 .152 109
786 254 248 218 290 207
787 249 2k 214 246 176
788 253 aus 217 .228 163
789 5 -257 247 219 256 183
780 258 248 219 22k 160
791 257 ks 218 .358 255 -
792 253 238 216 170 121 -
793 7 255  abs 218 234 167
794 253 2k 217 198 141
795 251 2ho 214 168 119
796 250 233 214 .136 97
797 9 253 b1 217 232 166
798 248 235 212 212 151
799 249 237 213 238 170
800 246 227 212 156 111
801 1 262 243 22l 648 L6
802 258 243 221 A48 320
803 258 °  au3 221 A2k 303
8ol 257 237 220 J12 294

111.
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Polymer Stabilisation of P.F. Ash

6. LABORATORY WORK

6.6 COALESCING AGENTS



P459

20
223
25
273
30

REF

845
846
847
848

849
850
851
852

853
854
855
856

857
858
859
860

861
862
863
864

NO

M/C
%

25
25
25
25
25

6.6 TABLE 44

DETAILS OF MIXES

P.F.ASH

Gms

. 1000

1000
1000
1000
1000

WATER & P459

CcC

250
250
250
250
250

6.6 TABLE 45

DETAILS OF SAMPLES

P459
%

20
20
20
20

2245
22,5
22.5
22.5

25
25
25
25

27.5
27.5
27.5
27.5

30
30
30
30

M/C
%

21
21
21
21

21
21
21
21

21
21
21
21

21
21
21
21

21
21
21
21

WET WT
Gms

249
248
244
245

250
250
245
244

244

244
238
239

243
244
239
241

245
242
242
240

DRY WT

Gms

211
210
208
208

212
212
208
207

208
209
203
204

208
209
204
206

210
207
207
206

WATER
cc

200
193,75
187.5
181,25
175

LOAD
Tons

124
« 096
«100
096

«190
168
114
«110

«090
.088
«050
062

«066
. 068
«042
048

080
«062
.058

«044

P459 2%. D.A.

CcC cC

50 1.0
56,25 1,125
62.5 1,25
68.75 1.375

.75 1.50

STRESS
lbs/ins

88
68
71
68

135
120
8l
78

64
63
36
44

47
48
30
34

57
44
41
31

114,
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6.6 TABLE 46

DETAILS OF MIXES
P459 M/C P.F.ASH WATER & P459 WATER

% % Gms cc cc

20 25 1000 250 200
22,5 25 1000 250 193,75
25 25 1000 250 187.5
275 25 1000 250 181,25
30 25 1000 250 175

6.6 TABLE 47

DETAILS OF SAMPLES
REF NO P459 ~ M/C WET WI  DRY WI  LOAD
%

% Gms Gms - “Tons
885 20 25 258 214 ©  .178
886 20 25 259 214 ,210
887 20 25 259 214 .258
888 20 25 258 213 0274,
889 22,5 25 259 215 <356
890 22,5 25 259 215 .392
891 22,5 25 258 214 <402
892 22,5 25 257 213 «268
893 25 25 258 214 .330
894 25 25 . 257 214 .352
895 25 25 257 214 0227
896 25 25 257 214 274
897 27.5 25 256 213 .358
898 27,5 25 255 212 .414
899 27.5 25 257 214 .342
900 - 27.5 25 254 212 .380
901 30 25 254 213 .304
902 30 25 254 212 264
903 30 25 253 . 212 . ,252
904 30 25 253 211 .264

P459 2%B.D.A.
cc cc

50 1.00
56,25 1,125
62.5 1,25
68,75 1,375
75 1,50

STRESS
lbs/ins

127
150
184
195

254
279
286
191

241
251
163
195

255
296
244
272

218
188
180
188
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6.6 COALESCING AGENTS

Thus using P459 and oven curing of samples the
next stage was to try and improve the action of the PVA

emulsion,

Two coalescing agents were selected as the most
si1itable materials., Hexylene Glycoi and Butyl Dioxitol
Acetate were the two agents used and the next-series of
samples were made to investigate the worth of these two

agents.

The two agents are different but the conditions
in which they are used are similar and although Hexylene
Glycol is the more usual coalescing agent there are a
number of circumstances in which Butyl Dioxitol Acetate

proves superior,

Hexylene Glycol, which has properties similar to
those of low molecular weight glycols, has exceptional
solvent powers for a wide range of materials. It is a
relatively long chaiﬁ compound which is compatible with

alipbhatic and aromatic hydrocarbons.

Butyl Dioxitol acetate on the other hand is a
solvent for many materials such as cellulose nitrate, extra
gum and polyvinyl acetate homo - and co-polymers, Its

primary use is as a coalescing agent in decorative emulsion

118,




paints, particularly polyvinyl acetate and acrylate

co-polymer,

These two cqalescing agents were compared in the
first series of mixes and on the basis of these results
Hexylene Glycol was selected as having a more beneficial

effect under these conditions of use,

119, ..



P459

20
22.5
25
27.5
30

REF NO

925
926
927

928

929
930
931
932

933
934
935
936

937
938
939
940

941
942
943
944

6,6 TABLE 48

DETAILS OF MIXES

6.6 TABLE 49

WATER & P459

cC

250
250
250
250
250

DETAILS OF SAMPLES

M/C P.F.ASH
% Gms
25 1000
25 1000
25 1000
25 1000
25 1000
P459 M/C
% %
20 25
20 25
20 25
20 25
22,5 25
22,5 25
22,5 25
22,5 25
25 25
25 25
25 25
25 25
27,5 25
27.5 25
27.5 25
27.5 25
30 25
30 25
30 25
30 25

WET WT

Gns

258
259
257
256

258
259
257
254

258
254
255
253

257
259
253
254

255
256
253
251

DRY WT

Gms

214
214

212

212

215
214
214
211

215
211
212
210

214
216
211

212

213
214
210
210

WATER P459 4%ZB.D. A,
cc cc
200 50 2,0
103,75 56,25 2,25
187,.5 62.5 2,50
181,25 68,75 2,75
175 75 3,00

LOAD STRESS

Tons 1bs/ins

<110 78

.112 80

+088 63

" «134 96

« 120 86

122 87

«102 73

+« 100 71

0124 89

114 81

« 106 76

NOT TESTED

«190 135

« 168 120

0132 94

« 164 117

+136 97

134 96

«132 04

<106 76

120, _
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P459

10
20
30
40

REF NO

617
618
619
620

621
622
623
624

625
626
627
628

629
630
631
632

M/C
%

25
25
25
25

DETAILS OF SAMPLES

6.6 TABLE 50

DETAILS OF MIXES

P.F.ASH
Gms

1000
1000
1000
1000

WATER & P459

cC

250
250
250
250

6.6 TABLE 51

P459
%

10
10
10
10

20
20
20
20

30
30
30
30

40
40
40
40

M/C
%

19
19
19
19

21
21
21
21

20
20
20
20

22
22
22
22

WET WT
Gms

269
266
265
263

261
261
262 .
262

265
259
256
253

257
255
254
250

DRY WT
Gms

230
228
227
227

222
223
223
221

228
223
221
218

222
220
219
216

WATER P459

cC cC

225 25
200 50
175 75
150 100

2%H.G.
cC

0.5
1.0
1,5
2.0

LOAD STRESS
Tons lbs/ins

«162 116
142 101
«148 106
NOT TESTED
61 436
«60 428
«602 429
NOT TESTED
«512 366
«530 384
432 308
NOT TESTED
»902 644
«682 486
«534 381
NOT TESTED
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P459

20
22,5
25
2745
30

REF NO

825
826
827
828

829
830
831
832

833
834
835
836

837
838
839
840

841
842
843
844

6.6 TABLE 52

DETAILS OF MIXES

M/C P.F.ASH WATER & P459

% Gms cc

25 1000 250

25 1000 250

25 1000 250

25 1000 250

25 1000 250

6.6 TABLE 53
DETAILS OF SAMPLES

P459 M/C WET WI' DRY WT
% % Gms Gms
20 21 250 213
20 21 252 214
20 21 246 210
20 21 248 211
22,5 21 248 212
22,5 21 249 212
22,5 21 244 210
22,5 21 243 209
25,0 21 246 211
25,0 21 248 213
25,0 21 245 211
25,0 21 244 209
27.5 21 252 215
27.5 21 249 213
27.5 21 245 209
27,5 21 245 209
30 21 247 212
30 21 247 211
30 21 244 209
30 21 245 210

WATER
cc

200
193,75
187.5
181,25

- 175

LOAD
Tons

122
«134
092
.086

«098
«090
«060
«066

«144
154
«152
«096

244
«238
172
« 202

«152
«132
0112
142

P459 2%H.G.
CC

50 1.0

56,25 1,125
62.5 1,25
68,75 1,375
75 1,50

STRESS
lbs/ins

87
96
66
61

70
64
43
47

103
109
108

68

174
169
123
144

108
94
80

102

123,
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P459

20
22.5
25
27.5
30

REF NO

865
866
867
868

869
870
871
872

873
874
875
876

877
878
879
880

881
882
883
884

M/C P.F.ASH
% Gms
25 1000
25 1000
25 1000
25 1000
25 1000
P459 M/C
% %
20 25
20 25
20 25
20 25
22,5 25
22,5 25
22,5 25
22,5 25
25 25
25 25
25 25
25 25
27.5 25
27.5 25
27.5 25
27.5 25
30 25
30 25
30 25
30 25

6,6 TABLE 54

DETAILS OF MIXES

6.6 - TABLE 55

WATER & P459

cC

250
250
250
250
250

DETAILS OF SAMPLES

WET WT
Gms

259
257
258
257

259
258
259
257

257
257
253
252

257
258
253
252

255
255
252
248

DRY WT
Gms

215
214
214
214

216
214
215
214

214
214
211
210

215
215
212
211

214
214
211
208

WATER
cc

200
193,75
187.5
181,25
175

LOAD
Tons

«322
«316
292
322

«310
402
336
«325

213
324
.264
«228

«390
« 406
«282
« 300

«475
«366
« 366
274

P459 27H.G.
cc cc

50 1.00
56.25 1,125
62,5 1.25
68,75 1,375
75 1,50

STRESS
lbs/ins

230
226
208
230

221
287
240
232

152
231
188
163

278
290
201
214

339
261
261
196

125,
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Ph59

20
22.5
25
27.5

REF NO

905
906
907
908

909
910
911
912

913
91k
915
916

917
918
919
920

921
922
923
92k

M/c

25

25

P459

wR

BYRY

NS BBEE BRRE

VUIviI\n 0000 uuunu

BELEY NINY

6.6. TABLE 56
DETAILS OF MIXES:

P.F.ASH WATER &: B459

Gms cc

1000 250

1000 250

1000 250

1000 250

1000 250

6.6 TABLE 57
DETAILS OF SAMPLES

M/C WET WT DRY WT
%: Gus Gms
25 259 214
25 259 214
25 260 215
25 258 213
25 260 215
25 259 214
25 258 214
25 257 213
25 258 215
25 258 215
25 256 214
25 254 213
25 258 215
25 256 215
25 2h6 205
25 250 209
25 252 210
25 251 210
25 248 207
25 2ks5

205.

WATER
ce.

200
193.75
187.5
181.25
175

P459

cC

50.
56.25
62.5
€8.75
75

koaH. G

cce.

2.00.
2.25
2.50
2.75

STRESS.
lbs/ins

496
4ok
532
257

493:
k26

546

376
374
330-
147

500
475
286
298

303
362.
275
238

127,
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6.6.1 HIGHER RANGES OF COALESCING AGENTS

This set of readings did not seem to give the
marked differences between Hexylene Glycol and Butyl
Dioxitol Acetate and so a further set of samples were

prepared with 10% coalescing agent,

The fﬁrther group of results allowed, graph XX
to be plotted for a 25% polyvinyl acetate emulsion solution

and a twelve hour cure in the drying over,

The graph for Hexylene Glycol showed an initial
depression of strength with the small percentages of
coalescing agent but the strengths showed a continual

improvement with increases in Hexylene Glycol,

Under similar conditions of test Butyl Dioxitol
acetate had a less satisfactory characteristic as from the
early strength reading the coalescing agent had an increasingly

detrimental effecte.

On this basis '‘Butyl Dioxitol acetate was not
considered for further experimental work, and all the
remaining tests were carried out using Hecylene Glycol

as the coalescing agent.

Thus this section adds one more restraint to the
group of conditions being applied to the cylindrical samples,
and prepares the way for further and more detailed investigations

with coalescing agents.
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Ph59  M/C
% %
25 25

REF NO P459

%.
10%. H.G. -
985 25
986 25
987 - 25
988. 25
20%. H.G.
989 25
990 25
991 25
992 25
10% B.D.A.
993 25
994 25
995 25
996 25
20% B.D.A..
997 25
998 25
999 25
1000 25

6.6.1 TABLE.S8
DETAILS OF MIXES

P.F.ASH WATER & P459
Gms cc

1000 250

6.6.1 TABLE 59

DETAILS OF SAMPLES

M/C WET WT DRY
% Gms Gms

25 258 214
25 256 212
25 255 212
25 253 210
25 258 212
25 258 212
a5 2w 212
25 260 214
25 259 215
25 258 214
25 258 214
25 259 215
25 258 215
25 258 21k
25 259 216
25 259 216

WL

WATER.

187.5

P459 H.G.10%;
cC cC
62.5 6.25

IOAD  STRESS,

Tons 1lbs/in

478 3h2

148 320

478 340

NOT TESTED

.70 502

«720 515

.738 526

NOT TESTED.

.072 51

.070 50

096 69

NOT TESTED.

-Ok6 33

.072 51

. «Ok8 35

NOT TESTED,
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6.6.2 HEXYLENE GLYCOL

Section 6,6.1 allowed But&l Dioxitol acetate to
be ruled out as a coalescing agent and so this last section
on the investigation inté improvements of the basic material
was directed at finding the optimum amounts of Hexylene

Glycol.

It was decided that the moisture content would bg
set at a nominal 20% as it was anticipated‘that the higher |
percentages of ngylene Glycol might put the moisture
content of compaction of the samples it also had to be
considered that the samples might slump on extraction from

the mould.

Optimum conditions were gauged at the mixing stage
and the amount of "moisture' added to the ash noted so that
the moisture contents could be recalculated on an actual

basis.

At this stage of the work the "moisture'" added to
the ash was water, PVA and Hexylene Glycol and the amounts
of coalescing agent were expressed as a percentage of the
PVA emulsion added, These conditions were maintained

throughout the remainder of this work,
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P59  M/C
% %
10 25
15 25
20 25
REF NO  P459
%
10% H.G.
1009 10
1010 10
1011 10
1012 10
20% H.G.
1013 10
1014 10
1015 10
1016 10
30% H.G.
1017 10
1018 10
1019 10
1020 10
4o% H.G.
1021 10
1022 10
1023 10
1024 10
60% H.G.
1025 10
1026 10
1027 10
1028 10

6.6.2 TABLE 60

DETAILS OF MIXES

P.F.ASH 10%H.G. 20%H.G.
Gms cc ce
1000 2.5 5.0
1000 3.75 7.5
1000 5.0 10.0
6.6.,2 TABLE 61

DETAILS OF SAMPLES

M/C WET WT DRY WT

% Gms Gms

19 262 224

19 263 225

19 267 228

19 265 226

18 26k 226

18 263 226

18 268 230

18 267 229

18 263 224

18 265 226

18 265 226

18 266 227

18 263 226

18 264 227

18 264 227

18 265 229

18 262 223

18 263 223

18 264 224

18 26k 22k

S0KH.G.

hoyH.G.

cC ce
‘7.5 10
11.25 15
15.0 20

IOAD  STRESS

Tons 1lbs/ins

.110 78

212 151

252 180

NOT TESTED

170 121

124 89

.286 204

NOT TESTED

«200 177

307 267

252 223

NOT TESTED

NOT TESTED

223 163

.168 120

«178 157

2h2 214

292 258

NOT TESTED

60%H.G.

(+] o]

15.0
22.5
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REF NO

10% H.G.

1029
1030
1031
1032

20% H.G.

1033
1034
1035
1036

o H.G’o

1037
1038
1039
1040

l"mé HoG-

1041
1042
1043
1044

60% H.G.

1045
1046
1047
1048

P459
%

15
15
15
15

15
15
15
15

15
15
15
13

15
15 -
15
15

15
15
15
15

6.6.2

TABLE 62

DETAILS OF SAMPLES

M/C
%

19
19
19

19

19

19
19
19

- 20

20
20
20

18
18
18
18

18
18

18

WET WT
Gmus

264
266
262
264

264
265
261
260

259
260
258
259

262
263
262
262

260 -
260
262
260

DRY WT
Gms

225
227
223
225

225
226
22k
223

218
219
217
219

224
225
225
225

220
220
222
221

LOAD STRESS:

Tons lbs/ins
2l 174
213 152
334 238
NOT TESTED
«296 211
280 200
232 165
NOT TESTED
NOT TESTED
.322 230
.270 193
.322 230
NOT TESTED
A7k 124
.184 131
235 168
NOT TESTED
.182 130
.186 133
.238 170
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REF NO

1 . H uG'o-

1049
1050
1051
1052
20% H.G.

1053
1054
1055
1056

1057
1058
1059
1060

Log% H.G..

1061
1062
1063
1064
60% H.Gs
1065
1066
1067
1068

P459
%

20
20
20
20

20
20
20

20
20
20
20

20
20
20
20

20
20
20
20

© 6.6.2  TABLE 63

DETAILS OF SAMPLES

M/C
%

20
20
20
20

19
19
19
19

20
20
20
20

19
19
19
19

19
19
19
19

WET WT
Gms

263
264
262
262

263

262

262
261

257
258
259
260

260
261
261
261

257
256
257
256

DRY WT
Gms

22k
225
223
22k

225
225
225
224

219
220
220
221

221
223
22k
223

218
216
218
217

LOAD: STRESS.
Tons 1lbs/ins

] 422 m
L4166 332
646 460
NOT TESTED

.526 466
470 k16
578 512
NOT TESTED

NOT TESTED

A30 307
372 266
.376 268
NOT TESTED

0295 210
.278 198
.288 206
31 224
NOT TESTED

374 267
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Polymer Stabilisation of P.F. Ash

6. LABORATORY WORK

6.7 COMPARISON OF ASHES



6.7 COMPARISON OF ASHES

The various sections of this work have given guide
lines for the production of a building block type material,
and the penultimate sections deal with the comparison of
p.£f. aéh samples made with ash from High Marnham, Noxth

Tees and I.C,I. Billingham Powex Stations.

The amount of P459 was fixed at 25% of the water
content and for Hexylene Glycol the figure was set at 30%
of the amount of P459. Samples were prepared with these
additives and compacted at optimum moisture content. The
latter feature was found by briefly carrying out the
procedure of section 6.2. and the samples were then submitted

to a 12 hour period of oven cure,

The three ashes were thus compared by their
strength characteristic of twenty four hours using an
unconfined compression test, and the results of this series
of tests were tabulated and graph XXIV shows the comparison

of Dry Density for the three ash.

The dry densities can be seen to decrease from
the highest value obtained with the ~300 B.S.S. fraction
of the High Marnham.Ash followed by natural High Marnham
ash, North Tees Ash and I.C.I. Billingham ash in that order.

The optimum moisture contents increasing in the same sequence.

I.C.I. Billingham gave good strength results for

this series and so 10% and 15% emulsion characteristics were

139.




added to the 25% values. Graph XXVII gives the comparison

of strengths with increases in emulsion characteristics,
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P459
%
25
25
25
25
25
25

REF NO

1069
1070
1071
1072

1073
1074
1075
1076

1077
1078
1079
1080

1081
1082
1083
1084

1085
1086
1087
1088

1089
1090
1091
1092

M/C.
q‘)

12.5
15.0
17.5
20.0
225
25.0

6.7 TABLE. 64

DETAILS OF MIXES

M/C.
%.

12.5
15.0
17.5

20.0

25.0

P.F.ASH WATER & P459 WATER  P459 30%H .G...
Gms cc cc cc ce:
1000. 125 93.75 3125 9.375
1000 - 150 112.5 37.5 11.25
1000 175 131.25 U43.75 13.125
1000 200 150.0 50.0 15.0
1000 225 168.75 564,25 16.875
1000 250 187.5 62.5 18.75
6.7 TABLE. 65
DETAILS OF HIGH MARNHAM ASH SAMPLES:

WET DRY WT D.D.. LOAD: STRESS

Gms:; Gas Gms/cc: Tons 1bs/ins

268 225 1.49 NOT TESTED

263 232 «107 76.5

260 229 072 51

262 232 .120 86

275 23.9 1.51 165 118

274 23.8 174 124,

270 23.5 184 131

270 235 OOT TESTED

277 240 1.49 S 224

273 236 164 117

270 238 .258 184

274 235 NOT TESTED

282 240 1.48 432 308

283 240 406 288

281 239 580 41k

277 237 NOT TESTED

274 230 1.43 790 563

275 231 768 547

278 233 564 402

278 233 NOT TESTED

276 228 1.40 <76k  Shh

275 227 792 564

273 226 1.10 780

275 227 NOT TESTED
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6.7 TABLE 66

DETAILS OF MIXES

P459 M/C P.F.ASH WATER &P459 WATER P459 30%H.G.

% @ - Gms cc cc cc cc

25 12,5 1000 125 93,75 31.25 9,375
25 15,0 1000 150 112.5 37.5 11.25
25 17,5 1000 175 131.25 43.75 13.125
25 20.0 1000 200 150 50 15,0

6.7 TABLE 67

DETAILS OF SAMPLES MADE WITH HIGH MARNHAM (. 300) ASH

REFNO M/C WETWT DRYWT D,D. LOAD STRESS

% Gms Gms Gms/cc Tons lbs/ins
1169 15,0 275 242 1,52 0.20 142
1170 270 238 0,188 134
1171 271 240 0. 206 147
1172 269 239 0. 200 142
1173 17,5 285 247 1,54 0.538 384
1174 280 242 0.326 233
1175 279 242 0.418 298
1176 279 241 0,396 282
1177 20,0 286 243 1,53 0.30 214
1178 286 243 0.323 230
1179 284 243 0,346 246
1180 285 242 0,312 223
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REF NO

1093
1094
1095
1096

1097
1098
1099
1100

1101
1102
1103
1104

1105
1106
1107
1108

6.7 TASLE 68

DETAIIS OF MIXES

WATER & P459 WATER

P.F.ASH

Gms cc
1000 250
1000 300
1000 350
1000 400
6.7 TABLE 69

ccC

187.5
225
262.5

DETAILS OF NORTH TEES ASH SAMPLES;

M/C
%

25

35

WET WT
Gms

187
183
181
185

196
203
196
194

208
208
208
209

207
206
216
214

DRY WT:
Gms

155
152
150
153

157
161
158
154

. 161
160
162
162

155
155
161
161

D.D.. LOAD
Gms/cq Tons

0.94 478
262
.378
.312

0.97 668
742
;486
_ 462
0.99 .94
1.00
1.15
.88

- 0.97 2995

1.06
1.%
1.16

P459 30%H.G..
[+ ccC

62.5 18.75
75 22.5
87.5 26.25
1000: 30

STRESS
1lbs/ins

340
187
269
222

k7?7
229
346
330

672
712
820
628

708
755
810
825
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6.7 TABLE 70

DETAILS OF MIXES

P459 M/C. P.F.ASH WATER & P459  WATER
%

%. Gms cc cc
25 30 1000 300 225
25 4o 1000 400 300
25 50 1000 500 375
6.7 TABLE 71

DETAILS OF I.C.I. ASH SAMPLES

REF NO M/C WET WT DRY WT D.D.
%

Gms Gms Gms/cc
1108 30 176 140 0.87
1109 169 135
1110 183 145
11 176 141
1112 Lo 200 156 0.9
1113 200 145
1114 205 154
1115 205 154
1116 50 205 143 0.89
1117 206 © o 1bs
1118 206 145
1119 210 149

Ph59

ccC:

75
100

125

LOAD
Tons

.280
.218
«230
264

«930
«SH2
« 46
.802
.816
«796
«922
«932

STRESS
lbs/ins

199
155
169

188

663
670
673
572

581

656 -
664

144,
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plt59 M/C
% %
10 30
10 ko
10 50

REF NO M/C.

%

1141 30

1142

1143

1144

1145 40
1146

1147

1148

1149 50

1150 -

1151

1152

6.7 TABLE 72
DETAILS OF MIXES

P.F.ASH WATER + ph59

Gms cc

1000 300 .

1000; 400;

1000 500°
6.7 TABLE

DETATLS OF I.C.I. ASH SAMPLES

WET WT DRY WT. D.D. LOAD
Gms Gms Gms/cc: Tons _
182 143 0.91 0.08
184 143 0.12
183 %3 0.112
185 15 0.106
206 151 0.925 0.214
205 149 0.212
195 143 0.138
200 145 0.188
203 140 0.88 0.188
204 140 0.196
206 141 0.214
206 142 0.210

ccC:

270
360
450

WATER  ph59  30%H.G.
ceC

cC

15

STRESS -
1lbs/ins

27

85.5
80.0:
755

151

98.5
13k

134
140
152
156

148.



ph59 M/C P.F.ASH WATER + p459 p459
3 % Gms cc : cc
15 20 1000 300 bs
15 4o 1000 4oo 60
15 50 1000 500 75
6.7 TABIE 75
DETAILS OF I.C.I. ASH SAMPLES
REF NO M/C WET WT DRY WT D.D. LOAD
% Gms Gms Gms/cc Tons
1153 30 182 14 0.89 «178
1154 177 140 .152
1155 180 142 +170
1156 180 142 .198"
1157 4o 215 160 0.97 .618
1159 : 213 157 . +620
1159 210 155 624
1160 207 152 430
1161 50 208 145 0.905 .472
1162 211 48 482
1163 211 148 .518
1164 211 148 516

6.7 TABLE 74

DETAILS OF MIXES

WATER 30%H.G.
cc cc

255 13¢5

340 18.0
k25 22.5

STRESS
lbs/ins

127
108
121
141
Lh2
312
336

370

149 ..
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6.7.1 VOIDS IN SAMPLES;
USING 1 = 1 M 6.8.1.4
?S& s IOOEK‘
for zero air voids
Va_
and 1 - 100 = 1 + M 6.8.1.B
a/o( ' Vs ’0025‘0
for times of constant air voids
where Uc( = Dry density of ash samples
m = Moisture content (%)
s = Density of ash particles
¥w = Density of water ,
Vo. = Air voids expressed as a percentage of total volume.
from Soil Mechanics for Road Engineers published by
D.S.I.R. .

6.7.1.1 HIGH MARNHAM ASH TABLE 26
255 = 2.36 gms/cc:
DRY DENSITY IN Gms/cc
MC % AIR VOIDS
% 0% . | 5% |10% | 20%6 | 30%
10 1.91 1811172 | 1.53 | 1.34
20 1.60| 1.52 | 1.44 1.28 1.12
| 30 1.38] 1.31| 1.24 1.10 | 0.97
140 1.21 1.15| 1.09 | 0.97 | 0.85
50 1.08 1.03 0097 0086 00763
At optimum m/c of 15%.
Dry Demsity = 1.51 gms/cc
. % ATR VOIDS = 12.5%

i51.




NORTE. TEES ASH

TABLE 77

zs = 2.09 gms/ce:

6.7.1.20

DRY DENSITY IN GMS/CC
M/C. % AIR VOIDS
% 0% 5% 10%. 15%: 20%. 30%
0 | 1.725] 1.66] 1.50 | 149 | .80 | 1.23
20 1491 1.1 ] 1.34 1.27 1.19 1.05
30 1.30| 1.23] 1.17 1.10 1.04 | 0.91
4o .15 1.09| 1.04 | 0.98 | 0.92 | 0.84
50 1.03] 0.98| 0.9 | 0.88 | 0.83 | 0.72
60 0.93| 0.88| 0.8% | 0.79 | 0.75 | 0.65
At optimum moisture content of 0.35%
Dry Density = 0.99gms/cc:
os Air Voids = 18%.
I.C.I. BILLINGHAM ASH TABLE 78 667120
X 2.05 gms/cc
DRY DENSITY IN GMS/CC
M/C %, AIR VOIDS
%. 0% 5% 10%. 15% 20%: 30%
10 1,70 | 1.62 | 1.53 1.45 1436 1.19
20 1.45 | 1.30 | 1.31 1.24 1.16 1.02
30 1.27 | 1.21 | 1.1 1.08 1.02 0.89
4o 1.12 | 1.07 | 1.01 0.95 | 0.90 | 0.79
50 1.01}| 0.96 | 0.91 0.86 0.81 0.70
60 0.92 | 0.87 | 0.83 | 0.78 | 0.73 | 0.64

At optimum moisture content of 40%

Dry Density

Air Voids

= 0.%4gms/cc
== 16’5
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6.8 WEATHER TESTS

Following the comparison of samples made from
three differing grades of ash in Section 6%8. It was
thought that theeffects of weather on the samples would

be worth investigating.

Table 79 and Table 80 list the mixes and details
of the cylindrical samples used in the weather test, and
a suitable location was selected towards the south end of
the Science Laboratory roof. The samples were placed in
a galvanised tray with small holes in the bottom to allow
self draining of the tray and were placed in this exposed

position.

The samples were inspected at five months exposure
and the following observations were made :

High Marnham ash samples had suffered

most damage on a visual inspection, and

the sample top had lost its sharp edge.

North Tees and I.C.I. Billingham ash
samples had suffered no obvious damage
to their surfaces and the tops had

retained their sharp edges.

Unfortunately the tray had not drained during this
test and the effect of this was that the samples had been

standing in about onelinch of water, and were completely

saturated.
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This made the weather test a more severe test than
had been intended but it was interesting to note that the
samples seemed generally better preserved below the water
level - on surface appearance only - but the surface of all

the samples were all softer than at the production stage.

The samples were not tested for strength at this
point but the High Marnham ash samples had probably lost
over 50% of their original strength; the loss of strength

in the other samples was probably closer to 40%.



6.8 TABLE 79
DETAILS OF MIXES

%: Gms: ce

HIGH MARNHAM ASH

25 20 1000 200

NORTH TEES ASH
25 ko 1000 400

1.C,I. BILLINGHAM ASH
25 4o 1000 400

6.8 TABLE 80

DETAILS OF SAMPLES

REF NO M/C P459 WET WT
% % Gms

HIGH MARNHAM ASH

1129 20 25 278
1130 280
1131 277
1132 280

NORTH TEES ASH

1133 40 25 204
1134 207
1135 : 213
1136 212

I.C.I. BILLINGHAM ASH

1137 40 25 196
1138 200
1139 ' 203
1140 200

P&SQ 2(02 P.F.ASH WATER + P459

DRY WT.

237
239
237
240

155
156
159
159

146
149
152
149

WATER
cc

150

300

P459
ccC:

100

100

30%H . G..

ce

15

30

30
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Polymex Stabilisation of P,F.Ash

7. CONCLUSIONS



7. CONCLUSIONS

7.1 | The ash from High Marnham Power Station used
through the main sections of the laboratory work can be
regarded as a typical ash produced in modern coal fired
stations; this cannot be said about the other two samples
used in Section 6.1 and 6.7, and a comparison of the

three ashes is made in Tables 13 and 14 to illustrate

this point.

7.2 In Section 6.1 a brief look was taken at variat-
ions on cement replacements using hydrated lime and a
mortar plasticiser, The number of cubes prepared was
only small and so it will only be possible to make some

qualitative observations on the results,

7.3 Unfortunately only samples of North Tees and
I,C.I. Billingham ashes were available for testing but
these can be regarded as examples of medium grade and
coarse ash, When 20% of the cement from the orthodox

mix was replaced by aéh the resulting concrete had reduced
strength as might be expected, but when this same replace-
ment was supplemented by 10% lime the concrete showed

improved strengths on the original mix.

7.4 Greater strength improvements were recorded using
20% cement replacement and a plasticiser in the water; under

these conditions North Tees ash gave improvements in advance

156.



of 12% and I.C.I. ash gave about 10% increase in strength

over the basic concrete mix, .

7.5 The mixes prepared with 40% and 50% cement replace-
ment, with the addition of lime, gave strenéth values below
those of the orthodox mix, but these values were only down
to 80% and 60% of the basic mix strength when 50% of cement

had been replaced.

7.6 The concrete cubes prepared with North Tees ash

were always an improvement on the corresponding cubes made
with ash from I.C.I. Billingham, which is what might have
been expected from the physical characteristics of the two

materials,

7.7 Of the ashes used in Section 6.7 and 6.1, the ash
from I.C.i. would have been deemed unsuitable by all four

of the specifications limiting ignition losses listed in
Section 3.1.1 Table 2, North Tees ash would have complied
with two and been fractionally outside the requirements of
the other two bodies, The ash from High Marnham would have

complied with all four.

7.8 Thus although no firm, quantitative conclusions can
be drawn from Section 6.1 of the work in the laboratory, it
is interesting to note that good strengths can be obtained
with cement replacements of up to 50% when lime is added;
this section proved to be a most useful introduction to

the material used throughout this work.
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7.9 The largest part of the time spent in the
laboratory involved investigations of the stabilisation

of p.f. ash with PVA and these started with a series of
tests to find the optimum moisture content of the ash from
High Marnham Power Station; this was qsed throughout the
main series of tests as a condition under which samples

should be prepared,

7.10 From the values of specific gravity noted in

Table 4 it'was possible to calculate the perceﬁtage of

voids for the samples prepared in Section 6.7. These ranged
from 12.5% for High Marnham, 18% forlNorthbrees and 16% for
I.C.I. Billingham. These values for air voids indicate
that the standard test used throughout this work could be
improved to give values closer to Proctor Test results.
However, to effect an improvement would have meant using

a larger mould and this would have reduced the range and
possibly the number of group experiments that were carried

out with the adopted test,

7.11 In Sections 6.2 to 6.7 a point was made of using
one particular sample of ash for an individual section of
the investigation., In this way it;was hoped that any
variations from sample to sample would be eliminated but
an unfortunate  side effect of this step was that each
section became more of an individual group of experiments
where the strengths of subsequent sections could not

necessarily be compared.
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7.12 However the work was carried out in such a way
that each section provided another parameter for the
following tests, leading up to Section 6.7 where all the
various parameters were fixed and samples of three ash

were compared undexr identical conditions.

7.13 The ash was being regarded as a cohesive soil

and it was natural that an investigation should be based
on optimum conditions for the material, thus Section 6.2
set out to find the maximum dry density under conditions

of the modified Proctor Test.

7.14 The initial test was carried out with quite a
number of moisture contents on either side of ogptimum -
Graph II - but in later sections it was found that optimum
could be gauged during mixing. In fact it was found that
as the work progressed a greater familiarity with the
material allowed reasonably accurate assessments to be

made, and these were easily confirmed by slightly increasing

and decreasing the moisture contents for a further two mixes,

7.15 The effects of varying percentages of PVA can be
seen in Graph III where the poisture content at optimum was
found to increase slightly withlincreased percentages of

- the additive. This was to be expected as the PVA contained::
only 45% water so that the increasing percentages of PVA

effectively reduced the amounts of water added to the ash.
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7.16 After the investigation of compaction it was
decided that the strength of the samples would be the
guiding criterion with a restriction beihg placed on the
amounts of additive used, and so Section 6.3. was the
first occasion when the strength of the méterial was

considered.

7.17 As the material was being considered as a soil
it was natural that the first samplés should be kept in

polythene bags, prior to test.

7.18 The group of samples prepared in tables 28, 29
and 30 led to the plotting of graph IV and as mentioned

in 6.3 this was an important stage of the work.

7.19 This was an important step as the strengths were
well below those hoped for in the outset of the work but
graph IV was encouraging as the three month strengths were
a slight improvement on the'three day tests. This was
possibly one of the most important groups of results as
the fears that this PVA would break down in alkaline
conditions appear to have'beeﬁ dispelled for this type

of emulsion on a short term basis.

7.20 This means that the amounts of Veo-Va 911 added

to P.459 at least provide short term assistance to hydrolysis.

7.21 The vahes of strengths, however, were low even with

30% PVA and so the cbnditions'of cure had to be reconsidered,
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The most suitable alternative was the drying oven and
Section 6.4 covers an initial investigation of oven cure.
The early indications of strengths were good in that the
30% PVA range of strengths-was raised from 451b/in2 for
samples retained for three months in polythene bags was
improved to 650 1b/in® at seven days when 24 hours of oven

cure were used,

7.22 The increase in strength may have been partly due
to a misunderstanding of the way in which the PVA gained

strength as it does appear to require conditions in which
it can dry out, (and, péssibly, polymerise), which becomes

evident with the results of 6.4.

7.23 Section 6.5 was a more detailed investigation of
cure generally based on the drying oven. Firstly the
effects of variations Qf'time in the oven were studied for

a range of PVA percentages, .

7.24 This series of tests showed that oven cure effects
were related to time and the samples with 30% and 40% PVA
appeared to suffer slight damage with periods of oven cure

greater than 12 hours.

7.25 Further it was thought that immediate oven cure
might be rather severe and.sd variations of pretreaﬁment
using polythene bags and air dryiné prior to a twelve hour
period in the oven. This section on pretreatment showed
that there was nothing to be gained from a more gentle form

of cure.
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7.26 One effect that was noticed in this section was
the colour gradient that appeared through the range of
samples with those spending longest in the polythene bags

becoming the lightest shade of grey.

7.27 The rate of loss of moisture was plotted in graph
XIII. which shows that the loss of weight is approximately
proportionate to time, and that the samples are dry after

less than three hours in the oven.

7.28 These findings were slightly surprising in that
it had been imagined that oven cure might be rather a
severe transition. The remaining tests carried out in
this section were all carried out with twelve hours of

cure on the basis of these results.

7.29 At this point a brief look was taken at an
alternative native additive, Two examples of Styrene
Acrylate were supplied by the Pontyclun Chemical Co. Ltd.
However the samples prepared in Section 8.1 showed that

in this particular use these two samples of Styrene Acrylate

proved inferior to the PVA so far used.

7.30 In returning to the main investigation using PVA
the next step was to see if any further improvements in
strength could be made. It was thought that some improve-

ments would be made if a coalescing agent could be used.

7.31 In Section 6.6 two examples of these agents were

investigated and of these it was possible to eliminate
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Butyl Dioxitol acetate as this produced reductions of
strength but Hexylene Glycol had a good effect on the

general mix,

7.32 . Graph XX compares the effects of vaiying percentages
of coalescing agent using a basic mix with 25% PVA and

compacted at a moisture content of 25%.

7.33 Thus the si# subdivisions of the laboraﬁory

work provided a progréssion of improvements on the samples
prepared in the first instance. The most obvious improve-
ment being recorded in the strength aspest but it must be
noted that the general material produced was greatly
improved by the addition of the coalescing agent; 'this
was particulafly obvious in the surxface improvement of the

samples.

7.34 The penultimate section of the laboratory work

compared the material produced using three different examples'

of p.f. ash.

7.35 This was carried out by setting the percentages

of PVA at 25% of the water plus P459 volume and the amount
of Hexylene Glycol at 308 of the P459 to try and obtain a
reasonable basis for coméarison. All the samples were
subjected to a twelve hour period of oven cure following
extraction from the mould, and; as was normal practice
throughout this work the samples were extracted immediately

after compaction.
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7.36 A three point determination of the optimum
moisture content was carried out for the three ashes
and conditions of maximum dry density were used as the

basis of the comparison,

7.37 Graphs XXIV, XXV and XXVI give the strength
characteristics for the ashes used when the percentage

of additive was varied.

7.38 The samples prepared ih Section 6.7 under the-
indicated conditions allowed the materials produced to be
compared; The moisture contents of the samples prepared
varied by too wide a margin for a direct comparison to be
made but the following characteristics were noted about

the samples prepared at optimum moisture content.

7.39 High Marnham ash had an o.m.c. of 15,0% which
gave strengths in the range of 175 lbs/'in2 and dry

density of 1.51 gms/cc with 12,5% air voids.

7.40 Noxrth Tees ash had an o.m.c. of 35% which gave
strengths in the range 710 1bs/in2 and a dry density of

0.99 gms/cc at 18% air voids.

7.41 I.C.I. Billingham ash had an o.m.c. of 40% which
gave 650 lbs/in2 and a dry density of 0.94 gms/cc with 16%

air voids.

7.41 The surface of the samples was consistent for each
group produced and the best surfaces were produced with

the High Marnham ash samples. North Tees ash samples had
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had a coarser textured surface and the samples prepared
from I.C.I. Billingham ash was similar in this respect
but had a darker colour due to the high carbon content

of the latter ash.,

7.42 It was a pity that the 1.C.I. ash had such a

high carbon content as this will certainly have affected
the strengths obtained with this ash, and adds a rathex
indeterminate factor into the conclusions on strength-
other than to agree with the restrictions of table II
limiting combustible material content to ashes. As carbon
will be a softer material than the other fused particles

of the ash the PVA would not be able to bind the softer
carbon surfaces as efficiently as those of the harder

materials.

7.43 Graphs XXIV, XXV and XXVI are interesting in that
only the graph for I.C.I. Billingham ash gave reducing

strengths over optimum moisture content,

7.44 This is particularly noteworthy in that the
strength of samples compacted with moisture contents
greater than optimum might be expected to be reduced due
to the incresed voids ratio. In this case the strength
will have come from the PVA and this emulsion has more
than offset any strength losses above optimum in two of

the three cases under consideration.
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7.45 The samples produced with North Tees.ash have
given the best results in all'respects'ingluding surface
finish, At a moisture content of 40% = 25% PVA - this
ash gave strengths of 775 lbs/inz and.a dry density of

0.97 gms/cc or approxiﬁately 60 1bs/ft3;'

7.46 These characteristics fall well within the range
of a number of materials now marketed as building block

material.

7.47 The final test carried out was to find the effect
of weather on the samples producéd at optimum moisture

content in Sec¢tion 6.7

7.48 As described in Section 6.8.,fthe weather ‘test
actually undergone by the samples was more severe than
had been intended as the samples had been exposed to the

weather in a saturated condition..

7.49 Despite this the samples prepared with North Tees

and I.C.I. ashes stood up well to the wéathering.

7.50 Thus it seems that contrary to the thoughts at
the outset of the work that the finer ash would give the
best results-it‘is obvious_that:the coarsexr the sample
the better will be-the'reSulfs fqr.materials prepared in
accordance with Section 6.8. The obvious restxiétion
that should 5e placéd.on.fAe ash would limit the carbon

content to a maximum of 5% or slightly above this figure.
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7.51 In a final reflection it must be noted that
this work will certainly not have solved all the problems
but it is hoped that some contribution has been made towards

"The Polymer Stabilisation of P.F. Ash",

7.52 Sufficient work has been done  to show that P.F. Ash can
be stabilised into blocks by mixdng with a small percentage of
poiymer additives and curing the formed mixture under suitable
conditions. It has been shown that, in general, the crushing
strength of the blocks increases with additive percentage, but
that strengths and densities comparable with those of currently
used light-weight building blocks are achieved with very sméll
amounts of additive. Suitable conditions of mix proportion,
compaction and cure have been demonstrated, and the comparative

behaviour of three types of ash has been studied.

It is too early to deduce any real conclusion from the
limited weathering investigation already carried out, though the
behaviour of the specimens to date appears to confirm the view
that the coarser ashes perform best. Further investigations
would be required to show whether any of the blocks have suff-
iciently long term stability to be used in a weathering environ-
ment, or whether they should be restricted to "dry" situations,
as in the case with most other light-weight blocks. Other
investigations may show that stabilisation can be achieved with

curing conditions at lower temperatures and for shorter periods.

The present work shows that another use has been found
for a readily available material, and another possible material of

construction can be developed.
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8.1 FURTHER ADDITIVES

A slight diversion was taken during the main
part of the work with P459 to investigate an alternative

form of additive to the polyvinyl acetate being used.

The Pontyclun Chemical Company Limited, who had
taken considerable interest in this work, suggested that
the use of Styrene Acrylate might give better results than

those obtained with the plyvinyl acetate.

This idea had a number of advantages not the least
of which was that should there by any calcium in the ash a
reaction would be set up with the Styrene acrylate releasing

ammonia. This reaction would be of the form :

( T ' )
COO( NH4) COO NH4
Ca - NH4 given off
COO(NH4) COO NH4

(—L L

The unstable styrene acrylate would thus be

stabilised according to the above equation and it was hoped
that this would provide a better étrength material particulady
as styrene acrylates give better resistance in alkaline
conditions. However this material is considerably more

expensive than the poiyvinyl acetates.

Table 81 gives details of two mixes that should
have given the increased strengths with two samples of

styrene acrylates - P516 and E834,
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ADDITIVE

arl

10
20

REF NO

601
602
603
60k

605
606

608

REF NO

609
610
611
612

613
614
615
616

8.1 TABLE 81

DETAILS OF MIXES

DETAILS OF p516 SAMPILES:

P.F.ASH

Gms cc
1000 200
1000 200
8.1 TABLE 82

p516 -
%

10
10
10
10

20 .
20
20
20

E834
%

10
10
10
10

20
20
20
20

M/C WET WT

% : Gms

20 256

20 258

20 260

20 250

20 254

20 253

20 2h9

20 248

8.1 TABLE 83
DETAILS OF E834 SAMPLES

M/C WET WT

%, Gms

20 256

20 255

20 256

20 254

20 256

20 254

20 248

20 249

WATER + ADDITIVE

DRY WT

217
219
220
219

317
217
214
213

DRY WT

218
217
217
217

219
216
211
213

WATER  ADDITIVE
cC cC
180 20
160 40

LOAD STRESS
Tons 1bs/ins

0,06 42.8
0.045 32,2
0.035 25.0
NOT TESTED

0,05  35.7
0.045 32.1
0.0k 28.6
NOT TESTED

LOoAD STRESS

Téns lbs/ins.

0.062 Lk,2
0.056 40,0
0.044  31.4
NOT TESTED

0.042 29.9
0.050 35.7
0.048 34.3
NOT TESTED
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The cylinders were made in accordance with
the standard procedure developed during this work with
- the compression tests at seven days and these results can

be seen in Table 82 and Table 83,

Tables 82 and 83 show the values of wet and

dry weight and also the crushing test results.

The crushing strengths were low in both the
samples made with P516 and with E834 and compared only
with the strengths of the earlier samples made with P459
and stored in moist conditions. As these samples had
been cured in the drying oven it was felt that these two
examples of. styrene acrylates were unlikely to produce

the necessary improvement in strengths,

On the basis of the results in tables 82 and 83
it was decided that the main line of investigation should

continue with P459 as the additive.

170.



Polymer Stabilisation of P.F. Ash

8. ADDITIONAL LABORATORY WORK

8.2 SAND SAMPLES



8.2 SAND SAMPLES

During one of the visits to the Laboratories it
was decided that an investigation should be made into the

effects of the additive on sand samples.

This was carried out using the same method of
sample production as detailed in Section 6s2 and a period
of oven cure of 12 hours with the samples being prepared at
a moisture content selected as optimum after a brief
investigation of the Dry Density characteristic. = In this
series "moisture'" was described as water plus PVA and a
"moisture" content of 10% was used throughout with the
varying percéntages of PVA expressed as a fraction of the

total moisture content.

Details of the mixes are given in Table 86 for the
varying percentages of PVA increasing ffom 20% - 70% and
the results of the unconfined'éompression tesfs takén at
24 hours are listed in Table 87 and are plotted on Graph

No. XXVIII.

One of the main problems in this series of tests
" was that the sand samples were more difficult to extract
from the mould than the samples made with p.f. ash. This
meant that a number of the samples were damaged during
extrusion but the series under test were generally in good

order.
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Samples of the sand were sieved and the specific
gravity of the ash was-measﬁred using a small scale test.
However, the latter test was repeated three times so that
the value of the mean of these results should be reasonably
accurate, The mean value was then used to find the
amount of air voids at the 10% moisture content; the air

voids calculated on this basis were 15.5%

The strength of these samples would be considerablj
improved if the compaction could be improved thus reducing
the voids ratio to around say 5% which would probably add

about 20% - 25% to the strength values of Table 87,
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DETAILS OF SAND SAMPLES

B.2 TABLE 84

SIEVE ANALYSES OF SAND - (2000 gm sample)

MEAN D.D. of samples = 1. 80 gm/cc:

AIR VOIDS.

APPERTURE SIZE | MESH NO. | PERCENTAGE
MICRONS 3,5 PASSING
2400 i 98.2
1200 14 93.5
850 12 75.7
600 25 58.8
300 . 52 26.7
210 72 13.8
150 100 6.1

90 170 0.8
75 200 0.2
B.2 TABLE 85.

SPECIFIC. GRAVITY OF SAND

s = 13 | 36 46;

L T A 2l 74

Wy _ & 96 | 104

G .

5 = 2.68) 2.66) 2.70

MEAN Gg = 2. 68

= 15. 5%
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8.2 TABIE 86

Ph59  M/C
% %
20 10
30. 10
4 10
50 10
60 10
70 10

8.2 TABIE 87
pi59  M/C

» %

20 10

30 10

40 10

50 10

60 10

7 10

SAND

SAMPLES

DETAILS OF MIXES.

SAND
Gms

1000
1000
1000
1000
1000
1000.

. DETAILS. OF SAMPLES

WET WT
Gms

300
303
303

307
306
306

310
306
308

311
310
308

310
310
307

31
31
314

cc

100
100
100
100
100
100.

DRY WT.
Gis:

278
280
281

285
285,
285

289
286
288

291
291
289

292
292
290

294
2%
299

80
70
60
50
Lo
30

IOAD.
Tons

0.856:
0.98k
0.866.

1.335
1.370
1.380

2.38
2.48
2.175

2.70
34575
315

3.525
k.075
30925

- 3.70

4,50

WATER + P459 WATER. PB459
CcEe:

ccC

STRESS.
1bs/ins;

610
700:
618

950
975
985

1700
1770
1550

1930
2550
2250

2520
2900
2800

2660
3210

NOT TESTED .
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